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A  study  of  the  molecules  details  of  the  interactions  between 
small  molecule  diluents  and  polymers  is  carried  out  using  a 
variety  of  Nuclear  Magnetic  Resonance  methods.  The  focus  of  the 
study  is  to  allow  a  molecular  level  comparison  with  macroscopic 
properties  (thermal  and  mechanical)  in  multicomponent  polymer 
blends.  The  details  of  plasticization,  an t i p 1 a s t i c i z a t i o n 
diluent  sorption  and  blend  compatibility  are  addressed.  The 
polymer  systems  studied  are  high  impact  strength  engineering 
plastics:  Polycarbonates  and  poly  ( 2 , 6  -  dimethylphenyl  oxide) 
blends  with  polystyrene  and  structural  analogues  of  these  two 
fundamental  systems.  A  three  fold  approach  is  used,  with 
experiments  which  probe  (a)  the  host  polymer  and  changes  in  its 
dynamics  as  a  consequence  of  diluent  addition,  (b)  the  dynamics 
of  the  diluent  itself  modified  by  the  host  and  (c)  experiments 
which  probe  directly  the  i  n t e r mo  1 e c u 1  a r  intimacy  in  a 
multicomponent  glassy  blend. 

A  number  of  NMR  experiments  are  employed.  Solid  state 
lineshape  analysis  using  a  variety  of  nuclei  depending  on  the 
systems  involved  and  isotopic  enrichment  when  appropriate  yields 
information  on  the  structural  and  dynamic  details  of 
conformational  reorientation.  The  primary  lineshape  types  here 
are  due  to  chemical  shift  anisotropy  and  the  nuclei  involved  are 
13C  and  31P.  We  have  extended  our  previous  studies  on  single 
component  systems  and  added  to  the  methodology  of  this  powerful 
approach.  NMR  relaxation  measurements  (Tx  and  T:^)  are  a 
dominately  dynamical  probe  and  enable  quantification  of  the 


dynamics  over  a  wide  range  of  motional  frequencies.  Lastly  spin 
diffusion  techniques  allow  us  to  examine  structural  interactions 
on  an  interatomic  distance  scale  in  these  multicomponent  systems. 
These  experiments  can  be  collectively  considered  as  spin  dynamics 
and  we  clearly  show  that  using  a  multifrequency,  multinuclear 
approach  NMR  offers  a  rather  unique  probe  of  the  molecular  level 
events  in  polymer  blend  systems  and  can  critically  test  many  of 
the  ideas  and  models  put  forward  from  macroscopic  investigations. 
Questions  of  both  dynamic  and  structural  heterogeneity  at  the 
microscopic  level  and  the  distinction  between  plasticization  and 
a  n  t  i  p  1  a  s  t  i  c  i  z  a  t  i  o  n  from  a  molecular  viewpoint  are  clearly 


addressed . 


(2)  zm aaam  °L  Mggt 


Important  Results 
In  addressing  blend  behavior  we  have  paid  particular 
attention  to  interpreting  the  microscopic  behavior  as  determined 
by  NMR  in  relation  to  the  thermal,  mechanical  and  other 
macroscopic  characteristics  in  multicomponent  polymer  blends. 

In  the  system  Bisphenol  A  Polycarbonate  (BPAPC)  and  Di-n- 
Butyl  Phthalate  (DBP) ,  the  diluent  DBF  acts  as  an  antiplasticizer 
at  low  concentrations  and  a  plasticizer  at  high  concentrations. 
We  have  made  measurements  of  carbon  spin  diffusion  from  the  DBP 
to  the  BPAPC  repeat  unit  using  13C  enriched  DBP  at  a  carbonyl 
site.  This  technique  has  been  used  to  probe  molecular  level 
mixing  in  blends.  This  is  however  the  first  time  that 
specificity  at  the  level  of  chemical  structure  has  been  observed 
in  an  amorphous  glass.  We  have  also  measured  XH  T1p's  for  the 
phenyl  protons  of  BPAPC  in  the  same  system  with  all  other 
protons  deuterated.  This  experiment  is  designed  to  probe  the 
phenylene  ring  flip  which  has  been  shown  to  be  related  to  the  sub 
Tg  mechanical  behavior.  The  results  of  these  experiments  clearly 
indicate  the  distinctions  between  plasticization  and 
antiplasticization  at  the  molecular  level.  Namely: 

(a)  At  low  DBP  concentrations  (lOwt  %)  in  the 
an  t  i  p  1  a  s  t  i  c  i  z  a  t  i  on  regime  there  is  structural  specificity  with 
the  carbonyl  of  DBP  being  preferentially  located  near  the 
carbonate  of  BPAPC.  At  higher  concentrations  of  DBP  (25wt  %) 

this  specificity  is  absent  and  the  system  exhibits  plasticization 
behaviour  as  indicated  by  the  modulus.  A  quantitative  treatment 
including  a  lattice  model  to  count  po lyme r - di luent  contacts  has 


been  attempted.  This  is  molecular  evidence  for  the  existence  of 
specific  interactions  as  a  key  property  of  an  antiplasticizer. 

(b)  The  *H  Tx  p  measurements  as  a  function  of  diluent 
concentration  (as  shown  in  the  attached  figure)  demonstrate  the 
subtle  changes  in  polymer  repeat  unit  dynamics  in  the  plasticized 
and  antiplasticized  regimes.  At  low  diluent  concentrations  the 
Tlp  minimum  moves  to  higher  temperatures  indicative  of  a  decrease 
in  the  sub-Tg  repeat  unit  motion  thus  leading  to  slight 
embrittlement  in  the  polymer;  at  high  concentration  this  trend 
remains  but  with  the  observation  of  a  new  ^  minimum  and 
corresponding  motion  at  a  much  lower  temperature  thus  leading  to 
a  softening  as  the  DBP  concentration  increases.  This  corresponds 
to  the  observation  of  two  relaxations  occuring  as  plastization 
increases  and  can  be  interpreted  as  the  original  relaxation  for 
the  pure  polymer  being  split  into  two  as  the  diluent 
concentration  is  increased.  These  two  experiments  clearly 
address  the  role  of  inte rmol ecular  structure  and  host  polymer 
dynamics  in  this  type  of  blend. 

To  investigate  the  role  of  the  inherent  diluent  dynamics  we 
have  made  CSA  lineshape  measurements  of  31p  for  a  series  of 
organic  phosphate  plasticizers  in  the  blend  system  polyphenylene 
oxide  (PPO)  and  polystyrene  (PS)  and  in  the  BPAPC  single  host 
polymer  system.  Mechanical  and  thermal  measurements  by  us  have 
shown  that  the  presence  of  the  phosphate  can  introduce  a  low 
temperature  mechanical  loss  absent  in  the  pure  blend  PPO/PS  and 
an  additional  loss  in  the  BPAPC  system.  Our  NMR  lineshape 
measurements  indicate  that  isotropic  brownian  motion  of  the 


phosphate  Itself  is  considerable  well  below  Tg  and  is  responsible 
for  this  loss.  Also  there  is  clear  evidence  that  the  efficiency 
of  these  plasticizers  is  directly  related  to  their  own  Tg.  Thus 
plasticizers  with  inherently  low  Tg's  will  undergo  motion  when 
blended  in  concentrations  up  to  25wt  %  in  a  host  polymer  leading 
to  sub  Tg  mechanical  loss  and  plasticizing  characteristics  in  the 
material,  clear  evidence  that  the  inherent  mobility  of  the 
diluent  molecule  has  a  significant  role  in  overall  properties  of 
the  resulting  blend.  Quantification  of  the  diluent  dynamics 
shows  a  heterogeneity  of  motional  rates  which  tends  to  be 
characteristic  of  the  dynamics  in  the  glassy  polymer  systems  we 
have  studied. 

The  other  contrasting  system  we  have  investigated  is  that  in 
which  the  diluent  molecule  is  a  gas  and  the  questions  of 
interest  are  the  nature  of  the  sorbed  gas  and  the  modification  to 
the  host  polymer.  The  polymer  chain  dynamics  is  modified  in  a 
similar  way  to  that  shown  in  the  DBP-BPAPC  system  with  small 
concentrations  of  gas  producing  slight  antiplasticization 
indications.  An  extensive  study  of  the  13C  NMR  relaxation  in 
1 3 C02  in  BPAPC  has  been  made  to  characterized  the  nature  of  the 
sorbed  species  in  the  glass.  To  interpret  our  data  a  two  site 
model  is  presented  which  parallels  at  the  molecular  level  the 
model  presented  by  Koros  and  Paul  (J.  Poly  Sci,  Polym  Phys  Ed  14. 
678  (1976)  based  on  permeability  data.  Their  "Dual  Mode”  model 
postulates  two  C02  environments  in  the  glass:  a  Langmuir 
species  and  a  Henry's  Law  species.  Our  analysis  gives 
quantitative  data  on  the  mobility  of  these  two  environments.  In 


conCrasC  measurements  of  1 3 C02  in  Silicone  rubber  are  indicative 
of  a  single  site  environment,  again  in  agreement  with  the 
macroscopic  work  of  Koros  and  Paul. 

The  full  details  of  these  remarks  and  our  related  studies 
are  contained  in  the  appendix  which  is  a  compilation  of  the 
publications  resulting  from  the  project. 
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ABSTRACT:  An  analysis  of  carbon-13  chemical  shift  anisotropy  (CSA)  line  shapes  at  two  field  strengths 
is  carried  out  to  probe  the  detailed  nature  of  phenylene  ring  dynamics  in  the  glassy  polycarbonate  of  bisphenol 
A.  The  phenylene  group  in  this  polymer  undergoes  two  types  of  motion  simultaneously,  both  about  the  C,C4 
axis.  The  primary  motion  is  large-angle  jumps  between  two  sites  whereas  the  secondary  motion  involves  restricted 
rotational  diffusion  over  limited  angular  amplitude.  In  the  first  category,  the  jumps  from  one  minimum  to 
the  second  occur  over  an  angular  range  around  each  minimum  associated  with  the  range  of  restricted  rotation. 
A  simultaneous  model  with  an  inhomogeneous  distribution  of  correlation  limes  appears  to  be  the  best  description 
fur  the  composite  motional  process.  The  inhomogeneous  distribution  is  described  by  a  Williams-Wults  fractional 
exponential  correlation  function  and  corresponds  to  a  distribution  of  rates  corresponding  to  different  spatial 
positions  in  the  polymer  matrix.  The  correlation  function  is  described  by  tp,  the  central  correlation  time, 
and  a,  the  breadth  parameter  for  the  distribution.  An  apparent  activation  energy  of  50  kJ/mol,  found  by 
an  Arrhenius  analysis  of  rp's,  is  in  agreement  with  the  values  obtained  from  a  relaxation  map  constructed 
from  rates  for  proton  relaxation  minima,  CSA  line-shape  collapse,  dielectric  loss  maxima,  and  dynamic  mechanical 
loss  maxima.  A  value  of  0.15-1  for  the  fractional  exponent  indicates  a  broad  distribution  of  jump  rates  for 
polycarbonate  and  is  consistent  with  defect  diffusion  past  a  distribution  of  barrier  heights.  Such  diffusion 
has  been  proposed  as  the  basic  process  behind  the  jumps  in  a  motional  model  involving  conformational 
interchange  between  a  defect  cis-trans  conformation  of  the  carbonate  unit  and  neighboring  trans-trans 
conformations. 


Introduction 

NMR  line-shape  experiments1-2  have  recently  yielded 
new  insights  into  the  dynamics  of  the  polycarbonates  of 
hisphenol  A  (BP A -PC).  To  date,  the  solid-state  NMR 
line-shape  experiments1,2  have  defined  the  geometry  of  the 
dominant  motions  in  this  polymer,  which  supplemented 
the  frequency  information  supplied  by  dielectric3  and 
dynamic  mechanicaP  experiments.  The  two  major  mo¬ 
tional  processes  are  (i)  restricted  rotational  diffusion  over 
limited  angular  amplitude  around  the  C,C4  axis  and  (ii) 
x  Hips  between  two  potential  minima  around  the  same 
axis,  with  the  x  flips  constituting  the  primary  motion.  This 
geometric  information  has  led  to  a  new  motional  proposal5 
which  attempts  to  reconcile  NMR,  dielectric,  and  dynamic 
mechanical  data.  To  date,  the  analysis  of  the  temporal 
aspects  of  the  NMR  line-shape  data  has  been  somewhat 
simplistic  and  incomplete.  In  this  paper,  new  data  are 
added  and  a  more  rigorous  interpretation  is  pursued  to 
improve  the  description  of  the  time  scale  of  motion  as  seen 
through  NMR  line  shapes. 

To  review  the  situation  at  hand,  first  consider  the 
chemical  shift  anisotropy  (CSA)  study,1  which  suffers  from 
an  interpretations!  inadequacy  since  the  two  important 
motions  were  treated  sequentially.  The  secondary  motion 
was  treated  first  since  it  was  always  assumed  to  be  in  the 
rapid  limit.  A  single-exponential  correlation  time  with  an 
Arrhenius  form  is  then  employed  to  account  for  the  tem¬ 
perature  dependence  of  the  x  flips.1-6  The  effects  of  the 
secondary  motion  were  combined  with  the  primary  motion 
by  using  partially  averaged  parameters  as  the  input  basis 
for  the  primary  motion.  Problems  were  encountered  with 
the  simulation  of  the  spectrum  at  0  °C,  the  temperature 
at  which  both  processes  make  comparable  contributions 
to  the  line-shape  narrowing.  At  this  temperature,  the 
maximum  intensity  of  the  theoretical  line  shape  is  dis¬ 
placed  from  the  observed  one.1 


To  avoid  this  difficulty,  a  new  model7  which  allows  for 
simultaneous  treatment  of  both  motions  has  been  applied 
to  the  same  set  of  CSA  data.  The  problem  in  fitting  the 
0  °C  data  in  the  sequential  treatment  disappears  in  this 
simultaneous  treatment.  The  interpretation  for  primary 
motion  is  also  changed  in  the  sense  that  in  the  simulta¬ 
neous  treatment  jumps  over  a  limited  range  around  each 
minimum  are  allowed  in  addition  to  exact  x  flips.  The 
simultaneous  treatment  also  yields  a  more  reasonable 
temperature  dependence  for  the  apparent  simple  harmonic 
nature  of  the  secondary  motion.  However,  one  problem 
reported  in  the  earlier  CSA  paper1  still  remains  unad¬ 
dressed. 

The  earlier  CSA  data  at  22.6-MHz  field  strength  were 
analyzed  on  the  basis  of  a  single-exponential  correlation 
function.  The  Arrhenius  analysis  of  the  correlation  times 
yielded  an  apparent  activation  energy  of  11  kJ/mol.  The 
simultaneous  treatment  activation  energy  is  26  kJ/mol. 
The  earlier  CSA  report1  also  showed  an  activation  energy 
of  48  kJ/mol,  obtained  from  a  linear  least-squares  analysis 
of  a  relaxation  map  which  included  spin-lattice  relaxation 
data,  dielectric  data,  and  dynamic  mechanical  data.  The 
phenylene  proton  T,  and  Tu  data  presented  in  the  same 
earlier  report  could  only  be  analyzed  on  the  basis  of  a 
broad  distribution  of  exponential  correlation  times,  which 
corresponds  to  a  fractional  exponential  correlation  function 
with  an  exponent  near  0.18.  Thus  there  is  a  great  deal  of 
discrepancy  between  activation  energies  from  two  sets  of 
analyses:  11  vs.  48  kJ/mol  and  the  use  of  a  single  expo¬ 
nential  vs.  a  broad  distribution.  The  discrepancy  points 
to  the  inadequacy  of  the  kinetic  treatment  used  for  the 
line-shape  data  and  is  an  indication  of  the  existence  of  a 
distribution  of  correlation  times  in  the  dynamics.  The 
simultaneous  value  of  26  kJ/mol  is  probably  an  im¬ 
provement  but  hardly  a  total  resolution.  The  earlier  CSA 
data  at  22.6  MHz  represented  a  limited  data  set  and  as 
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such  it  did  n«»t  warrant  use  of  a  correlation  function  based 
oil  a  distribution  of  correlation  times.  It  is,  therefore, 
necessary  that  the  CSA  data  base  be  expanded  by  ac¬ 
quiring  line  shapes  at  another  field,  preferably  a  higher 
one,  and  that  a  detailed  analysis  be  carried  out  in  order 
to  reach  a  better  agreement  between  different  data  sets. 

The  Ngai  formalism*  10  for  the  stretched  exponential 
correlation  function  used  in  the  earlier  T,  and  T,„  analyses1 
assumes  a  homogeneous  distribution  of  correlation  times 
where  each  phenylene  group  motion  follows  essentially  the 
same  nonexponential  decaying  process  as  opposed  to  an 
inhomogeneous  distribution  where  spatially  separated 
groups  reorient  with  different  time  constants.  In  the  case 
of  proton  T,  and  T,„  data,  the  presence  of  an  efficient 
spin-diffusion  mechanism  removes  the  difference  between 
the  two  types  of  distributions.  This  is  however  not  the  case 
with  carhon-13  T,  and  Tlv  data,  where  a  Tx  dispersion  can 
he  observed  because  of  weak  spin  diffusion.  A  dispersion 
of  spin-lattice  relaxation  times,  in  general,  indicates  the 
presence  of  an  inhomogeneous  distribution,  and  phenylene 
carbon-13  7’1(,  dispersions  were  observed  by  Schaefer  et  al.11 
for  BPA-PC.  Line-shape  studies  offer  the  possibility  of 
confirming  this  characteristic  of  the  correlation  function.12 
Deuterium  NMR2  has  already  shown  promise  in  this  di¬ 
rection,  although  a  detailed  analysis  is  not  yet  available. 
In  this  context,  it  appears  that  if  the  existing  CSA  data 
base  at  22.6  MHz  is  augmented  by  adding  data  at  a  higher 
field  where  changes  in  line-shape  features  are  more  pro¬ 
nounced,  it  might  be  possible  to  quantitatively  distinguish 
between  a  single  exponential  and  a  distribution,  and  in  the 
case  of  a  distribution,  between  inhomogeneous  and  ho¬ 
mogeneous.12 

Experimental  Section 

The  same  BPA-PC  sample  with  single-site  carbon-13  enrich¬ 
ment  (<90% )  at  one  of  the  two  phenylene  carbons  ortho  to  the 
carbonate  is  employed  here  as  was  used  in  an  earlier  study.1  The 
FID's  were  acquired  by  using  a  single  pulse  with  high-power 
decoupling  on  a  Broker  WM-250  with  the  Doty  solids  accessory. 
A  sufficient  number  of  scans  were  taken  at  each  temperature  to 
ensure  a  good  signul-lo-noi.se  ratio.  The  Fourier-transformed 
spectra  are  corrected  for  a  contribution  from  the  background,  by 
using  a  subtraction  scheme;  i.e.,  spectra  for  the  blank  probe  were 
obtained  under  the  same  conditions,  using  the  same  number  of 
scans,  and  subtracted  from  the  uncorrecled  spectra.  The  corrected 
line  shapes  at  different  temperatures  were  assigned  a  standard 
reference  following  the  approach  outlined  before.1  CSA  line  shapes 
at  62.9  MHz  are  shown  in  Figure  1  as  a  function  of  temperature. 
The  CSA  data  on  22.6  MHz  are  reported  in  ref  X. 

Interpretation 

The  principal  axis  system  for  the  CSA  tensor  of  aromatic 
carbons,  as  reported  for  benzene,13  is  oriented  with  the  <xn 
axis  parallel  to  the  C-H  bond  and  the  aM  axis  perpendi¬ 
cular  to  the  ring  plane.  The  axis  is  in  the  ring  plane 
perpendicular  to  the  C-H  bond.  Low-temperature  (less 
than  -140  °C)  line  shapes  at  both  frequencies  were  then 
matched  with  theoretical  spectra  generated  on  the  basis 
of  the  Bloeinbergen-Rowland  equation.14  The  principal 
shielding  tensor  values  used  to  obtain  fits  at  both  fre¬ 
quencies  are  un  =  -15,  an  =  51,  and  <rM  =  171  ppm  on  the 
C,S2  scale.  These  values  are  in  good  agreement  with  the 
lines  reported  earlier.1  These  principal  values  lead  to  an 
isotropic  chemical  shift  of  (>0  ppm,  which  compares  fa¬ 
vorably  with  the  observed  chemical  shift  in  solution  of  72.5 
ppm. 

Simultaneous  Model  with  a  Single  Correlation 
Time.  This  model7  provided  the  best  description  of  the 
CSA  line-shape  data  at  a  single  frequency  and  as  such  it 
can  he  considered  first  in  the  attempt  to  interpret  the  data 
at  two  field  strengths.  In  this  model,  the  multisite  ex- 
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Figure  1.  Variable-temperature  carbon-13  CSA  line  shapes  at 
62.9  MHz.  The  solid  vertical  line  indicates  the  position  of  the 
maximum  in  the  rigid  line  shape  corresponding  to  o.a.  The  dashed 
vertical  line  indicates  the  position  of  the  maximum  in  the  high- 
temperature.  motionally  averaged  spectra.  At  the  intermediate 
temperatures  of  -60  and  -80  °C,  two  maxima  corresponding  to 
the  two  lines  are  observed,  which  is  indicative  of  an  inhomogeneous 
distribution. 

change  formalism  developed  independently  by  Wemmer*'15 
and  Mehring13  is  employed.  It  allows  for  all  possible 
transitions  with  equal  probability  for  a  series  of  sites 
chosen  to  emulate  large-angle  jumps  over  a  range  around 
exact  x  flips,  superimposed  on  low-amplitude  libration 
both  about  the  C,C4  axis  of  the  phenylene  ring.  The 
line-shape  equation  for  multisite  exchunge  used  for  CSA 
line  shapes  has  been  described  elsewhere.1,7  Both  two-site 
jump  and  simultaneous  models  make  use  of  the  multisite 
formalism.  The  two-site  jump  model  includes  only  the 
primary  motion.  The  simultaneous  model,  on  the  other 
hand,  treats  both  motions.  For  BPA-PC,  it  is  important 
to  meet  one  restriction,  i.e.,  using  a  correlation  time  that 
will  treat  the  secondary  motion,  namely  oscillation  or  li¬ 
bration  in  the  rapid  limit.  With  two  rates,  one  for  each 
process  is  conceivable  though  computationally  difficult. 

Whereas  22.6-MHz  data  were  not  difficult  to  simulate 
with  this  model,  problems  were  encountered  in  fitting 
62.9-MHz  data,  mainly  the  low-temperature  ones  as  shown 
in  parts  a  and  d  of  Figure  2  for  data  at  -80  and  -60  °C. 
Here  the  line  shapes  in  the  slow-to-intermediate  regime 
play  the  crucial  role  in  determining  the  best  description 
of  the  motion;  and  the  inability  to  obtain  a  good  match 
to  both  frequency  sets  points  to  the  inadequacy  of  the 
treatment  of  the  large-amplitude  jumps  by  a  single  cor¬ 
relation  time. 

Inhomogeneous  vs.  Homogeneous  Distribution.  In 

view  of  the  failure  of  the  single  correlation  time  model,  a 
simulation  of  the  data  using  both  distributional  models 
is  attempted.  The  appearance  of  the  spectra  shown  in 
Figure  1  is  qualitatively  indicative  of  an  inhomogeneous 
distribution.  For  a  simple  two-line  collapse,  Garroway12 
showed  the  characteristic  of  a  broad  inhomogeneous  cor¬ 
relation  function  is  an  intermediate  three-line  spectrum. 
Two  of  the  three  lines  correspond  to  the  position  of  the 
two  lines  in  the  absence  of  exchange.  The  third  line 
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position  corresponds  to  that  of  the  rapid-exchange  limit. 
Thus  the  intermediate  three-line  spectrum  consists  of  two 
lines  corresponding  to  the  precollapse  positions  and  a  third 
line  corresponding  to  the  complete  collapse  position.  In 
the  spectra  of  Figure  1  a  solid  line  is  drawn  through  all 
spectra  for  the  a-,-,  shift  position  of  the  rigid  line  shape.  A 
dashed  line  is  then  drawn  through  all  spectra  corre¬ 
sponding  to  the  high-temperature  limit  resulting  from  the 
motional  averaging  of  <tu  and  <?».  This  dashed  line  is  based 
on  the  maximum  of  the  high-temperature  line  shape.  At 
the  intermediate  temperatures  of  -60  and  -80  °C,  maxima 
are  present  which  correspond  to  both  high-temperature 
and  low-temperature  limits,  the  solid  and  dashed  lines. 
This  feature  is  qualitatively  indicative  of  an  inhomoge¬ 
neous  distribution,  and  now  a  quantitative  analysis  cen¬ 
tering  on  these  intermediate  temperatures  is  pursued. 

Specifically  the  calculations  will  be  restricted  to  the 
intermediate  rate  regime  where  correlation  times  for  the 
primary  motion  are  slow  enough  to  cause  distinctive 
changes  in  the  maximum  intensity  area  of  the  line  shapes 
and  where  secondary  motion  is  not  as  important.  Since 
the  distributions  are  concerned  with  the  primary  motion, 
a  simple  two-site  jump  model  is  used  for  preliminary 
calculation. 

The  distribution  formalism,  in  general,  makes  use  of  a 
fractional  exponential  correlation  function.  The  commonly 
used  Williams-Watts  expression1*  is 

0(t)  =  exp(-t/rp)“  (1) 

where  rp  is  the  center  correlation  time,  and  a,  the  breadth 
parameter.  Smaller  «’s  are  associated  with  broader  dis¬ 
tributions.  As  shown  by  Kaplan  and  Garroway12  eq  1  can 
be  recast  in  the  form 

4>(t)  ~  f  dr  p„(r)  exp(-t/r)  = 

J"  d(log  r)G(log  r)  exp(-t/r)  (2) 

Instead  of  the  continuous  distribution  of  eq  2,  <p(t)  can  be 


represented  as  a  discrete  sum. 

</>(t)  =  Up,  exp(-t/r;)  (3) 

j 

with  a  normalization  condition  given  by  <p(Q)  =  l  =  YLfir 
P ,  ~  G(log  T,)[log  (t;+1/t,)]  (4) 

where  by  the  definition  in  eq  2 

G(log  t)  =  rp„(r)/log  e  (5) 


Montroll  and  Bendler17  reported  a  lognormal  expansion 
of  p„(r).  Later  on,  Bendler  and  Shlesinger'8  showed  that 
this  series  expansion  (eq  60b,  ref  17)  suffers  from  poor 
convergence  and  lack  of  normalization.  They  found  eq  59 
of  ref  17  to  be  superior  in  both  respects.  The  same  series 
expansion  of  pjr)  as  recast  by  Bendler  et  al.18  (eq  51,  ref 
18)  and  shown  below,  is  used  in  our  calculation. 

P„(r)  =  — (r/Tp)-'1  exp[-(r/rp)°]  X 

tp 

(1  -  arF2  "h  «2F2  -  a3F4  +  a*F5  -  ...j  (6) 

where 

F2  =  G2(l  -  p  “) 

F)  =  f/:](  1  -  3p'a  +  p‘2“) 

F4  =  (/4(1  -  In  •“  +  6p-2"  -  n  3") 

F5  =  U3(  1  -  15p-“  +  25p'2“  -  10p'3“  +  p'4“) 
and  U2  =  0.577  216  65,  U3  =  -0.655  877  5,  l/4  = 


-0.042  003  28,  Us  -  0.16653857,  and  p  =  rp/r. 

Doing  the  correlation  function  expression  of  eq  3,  Kaplan 
et  al.  developed  the  final  line-shape  expression  for  a  ho¬ 
mogeneous  distribution  for  a  two-site  exchange  process  (eq 
22,  ref  12).  In  our  calculation,  the  same  expression  is 
extended  to  a  polycrystalline  type  line  shape. 

For  the  inhomogeneous  distribution,  the  same  Wemmer 
line-shape  expression*  for  multisite  exchange  is  employed 
with  a  distribution  of  correlation  times  instead  of  a  single 
correlation  time.  Each  correlation  time  makes  its  own 
contribution  toward  the  total  line-shape  collapse  and  the 
contribution  in  each  case  is  weighted  according  to  the 
distribution  embodied  in  eq  3.  In  essence,  the  mathe¬ 
matical  difference  between  the  homogeneous  and  inho¬ 
mogeneous  treatments  is  that  in  the  inhomogeneous  case 
we  have  a  set  of  uncoupled  equations  corresponding  to  the 
magnetization  sites  evolving  under  exchange  independently 
without  regard  to  state  of  the  magnetization  at  other  sites 
and  for  the  homogeneous  case  the  exchange  of  each  site 
is  coupled  with  the  overall  magnetization  from  all  sites. 

To  save  computer  time,  the  following  scheme  was 
adopted.  At  the  longer  correlation  time  end,  some  point 
is  reached  when  the  line  shape  approaches  the  rigid  limit; 
i.e.,  Tj  becomes  so  long  that  the  jump  for  such  a  long  r;  does 
not  cause  line-shape  collapse  and  essentially  the  rigid-case 
line  shape  results.  There  can  still  be  some  r.’ s  left  which 
are  longer  than  this  r y  and  their  weightings  must  be  con¬ 
sidered.  It  is  not  necessary  to  repeat  the  line-shape  cal¬ 
culation  for  these  long  r’s  since  the  rigid  limit  has  already 
been  reached.  Instead,  the  weightings  for  these  t's  are 
combined  with  the  weighting  for  this  rr  The  same  time¬ 
saving  scheme  can  be  adopted  for  r’s  at  the  shorter  t  end 
where  at  one  point  the  line  shape  reaches  the  rapid  limit 
and  further  decrease  in  the  value  of  r  leads  to  no  additional 
narrowing. 

For  our  calculation,  57  r’s  were  used,  28  on  each  side  of 
rp  spanning  28  decades  of  time  (eq  4  and  5).  Two  r’s  thus 
cover  one  decade,  in  accordance  with  the  approach  adopted 
by  Kaplan  et  al.12  An  a  value  of  near  0.16  is  suitable  for 
comparing  both  types  of  distributions.  Comparisons  fo¬ 
cused  on  the  62.9-MHz  data,  which  are  sensitive  enough 
to  force  a  choice  between  the  two  distributions. 

Calculations  were  restricted  to  the  spectra  at  -80,  -60, 
and  -40  °C,  which  show  distinctive  temperature-dependent 
changes  in  the  maximum-intensity  area.  Figure  2b,e 
(homogeneous)  and  Figure  2c, f  (inhomogeneous)  show  the 
theoretical  simulations  with  appropriate  rp’s  for  the  ex¬ 
perimental  data  at  -80  and  -60  °C.  The  distinctive 
dual-peak  nature  of  the  top  part  of  the  spectra  can  only 
be  simulated  by  using  the  inhomogeneous  distribution, 
which  is  at  once  evident  from  the  figures  for  data  at  -80 
and  -60  °C.  A  homogeneous  distribution  results  in  fea¬ 
tureless  broadening  as  can  be  seen  from  the  figure.  These 
findings  are  thus  in  agreement  with  similar  observations 
based  on  deuterium  spectra2  and  we  therefore  concentrate 
the  remaining  interpretations!  efforts  on  the  inhomoge¬ 
neous  distribution. 

Simultaneous  Model  with  an  Inhomogeneous  Dis¬ 
tribution.  For  an  improved  interpretation,  the  simulta¬ 
neous  model  is  combined  with  an  inhomogeneous  distri¬ 
bution  so  that  both  motional  processes  can  be  treated  at 
the  same  time.  Some  precautions  are  necessary.  For 
BPA-PC,  the  secondary  motion  is  always  to  be  treated  in 
the  rapid  limit.  This  condition  is  not  met  with  for  some 
of  the  longer  r’s  at  the  long-r  end,  especially  when  rp  is 
long,  i.e.,  when  slow- rate- regime  line  shapes  are  encoun¬ 
tered.  Again  the  following  reasonable  approximation  is 
pursued.  In  doing  calculation  for  the  entire  distribution, 


Figure  2.  Comparison  of  simultaneous  (a  and  d),  two-site  ho¬ 
mogeneous  (b  and  e),  and  two-site  inhomogeneous  (c  and  f) 
treatments  for  simulation  of  62.9-MHz  CSA  data  at  -80  and  -60 
°C.  In  each  case,  the  solid  line  represents  the  best  simulation 
of  the  experimental  data  (O).  (a)  r  *  8.0  x  10-4  s;  (b)  rp  *  2.0 
X  10'7  s.  «  =  0  16;  (c)  rp  »  5.5  x  10J  s,  «  -  0.16;  (d)  r  =  2  6  X 
10  4  s;  (el  r„  =  1.0  X  10  "  s,  <«  *  0.16;  (0  r.  =  2.6  X  10'4  s.  a  = 
0.16. 

a  point  is  reached  when  the  r,  no  longer  treat  the  secondary 
motion  in  the  rapid  limit.  Again  it  is  also  possible  that 
for  that  particular  r;  and  all  larger  r’s,  the  rigid  line  shape 
is  already  achieved  with  respect  to  the  large-amplitude 
jumps.  This  means  simultaneous  jump  calculations  are 
not  necessary  for  the  r’s  in  question;  instead,  line-shape 
intensities  due  to  oscillation  are  calculated  over  an  ade¬ 
quate  number  of  frequency  points  to  cover  the  entire 
spectrum  by  applying  this  motion  alone  to  the  rigid  tensor 
principal  values.  The  intensities  are  then  multiplied  by 
the  sum  of  weightings  for  those  long  r’s,  yielding  a  line- 
shape  contribution  for  the  long  r's  part.  For  the  remaining 
shorter  r’s,  the  jump  calculation  is  important.  The  si¬ 
multaneous  model  is  therefore  applied  for  these  remaining 
r’s,  with  the  intensities  obtained  by  summing  up  contri¬ 
butions  for  each  r  according  to  the  weighting  factor  given 
by  the  stretched  exponential  form.  We  then  add  up  in¬ 
tensities  for  both  the  long  and  short  correlation  time  parts 
to  get  the  final  line  shape  for  the  entire  distribution.  Again 
57  r’s  are  employed. 

Since  the  CSA  line  shape  data  do  not  seem  critical 
enough  to  allow  a  precise  estimation  of  a,  the  same  si¬ 
multaneous  plus  inhomogeneous  consideration  has  been 
applied  to  the  phenylene  proton  T,  and  Tiu  data  reported 
earlier.1  The  proton  data  are  not  able  to  distinguish  be¬ 
tween  homogeneous  and  inhomogeneous  distributions 
since  spin  diffusion  exchanges  magnetization  at  different 
spatial  sites.  However,  the  overall  breadth  of  either  type 
of  distribution  is  equivalently  reflected  in  the  breadth  and 
shape  of  7’,  and  Tlp  minima.  The  new  interpretation  of 
the  proton  data,  including  the  contribution  of  restricted 
rotation,  leads  to  an  improved  fit  relative  to  the  one  ob¬ 
tained  earlier  with  the  Ngai  formalism.1  This  improved 


Figure  3.  The  solid  lines  are  simulations  of  the  62.9-MHz  CSA 
data  (O)  at  several  temperatures. 

analysis  yields  a  value  of  0.154  for  a,  and  this  same  a  is 
employed  in  the  line-shape  calculation.  The  amplitude  of 
the  restricted  rotation  is  estimated  from  the  high-tem¬ 
perature  region  where  the  flip  contribution  has  already 
reached  the  rapid  limit.  We  make  use  of  the  estimates 
reported  earlier7  based  on  the  simultaneous  model,  which 
range  in  value  from  64°  at  +120  °C  to  23°  at  -80  °C. 
These  estimates  also  prove  to  be  effective  for  fitting  the 
Tx  and  Tu  data  where  restricted  rotation  is  included  as 
a  second  motion  in  addition  to  t  flips.  A  summary  of  line 
shape  calculations  at  both  fields  is  shown  in  Figures  3  and 
4.  The  simulations  are  within  the  limit  of  experimental 
error.  An  Arrhenius  analysis  of  rp’s  as  shown  in  Figure  5 
yields  an  apparent  activation  energy  of  50  kJ/mol.  Spectra 
at  higher  temperatures  become  rate  independent  for  both 
primary  and  secondary  processes.  Simulations  at  tem¬ 
peratures  beyond  0  °C  are  therefore  not  presented. 

In  the  previous  report,1  the  relaxation  map  log  vc  vs.  7M 
was  constructed  with  correlation  frequencies  and  the 
corresponding  temperatures  for  7\  and  Tu  minima,  av¬ 
erage  point  of  CSA  line-shape  coalescence,  and  maxima 
in  dielectric  and  dynamic  mechanical  data.  With  the 
newer  simultaneous-inhomogeneous  description  of  phe¬ 
nylene  motion,  improved  values  of  correlation  frequencies 
for  the  v  flips  at  Tt  and  minima  and  temperature  for 
CSA  collapse  are  obtained  and  used  for  reconstruction  of 
the  relaxation  map  as  shown  in  Figure  6.  The  apparent 
activation  energy  (50  kJ/mol)  and  r.  (4  X  10~17  s)  obtained 
from  linear  least-squares  analysis  of  the  data  are  in  good 
agreement  with  CSA  line-shape  analysis  values  (50  k.l/mol 
and  1  x  lo  16  s). 

The  mechanical  loss,  CT(w)lo“,  is  given  by  the  equation 

K(0)J> 

Sin  (u U),yU)  dt  (7) 

Jo 

where  <p'(t)  is  the  derivative  of  the  correlation  function  as 
expressed  in  eq  3  and  is  the  stress  arising  from  the 
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Figure  4.  The  solid  lines  ere  simulations  of  the  22.6-MHz  CSA 
data  (O)  at  several  temperatures.  The  data  are  taken  from  ref 
1. 
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Figure  5.  Logarithm  of  the  inverse  rp  (as  obtained  from  line- 
shape  analysis)  vs.  inverse  temperature. 

molecular  change.  With  this  changed  version  of  correlation 
function,  the  position  and  shape  of  the  dynamic  mechan¬ 
ical  loss  peaks  as  observed  by  Yee4  were  simulated  by 
making  use  of  eq  7,  activation  parameters  as  obtained  from 
line-shape  analysis,  and  an  «  value  of  0.154.  Figure  7  again 
shows  rather  good  agreement  between  experiment  and  the 
prediction  based  on  the  interpretation  of  NMR  data. 

Discussion 

In  the  present  report,  the  carbon- 111  CSA  data  base  is 
expanded  by  collecting  data  at  a  higher  field,  i.e.,  62.9 
MHz,  and  we  find  the  simultaneous-inhomogeneous  de¬ 
scription  provides  the  best  interpretation  at  both  fre¬ 
quencies.  'I  bis  is  a  significant  extension  of  the  previous 
interpretation  and  demonstrates  that  NMR  line-shape 
analysis  in  solids  can  yield  a  very  detailed  picture  of  the 
overall  nature  of  the  dynamics  if  a  sufficiently  wide  data 
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Figure  6.  log  (frequency)  vs.  inverse  temperature  or  relaxation 
map.  The  highest  frequency  NMR  point  is  the  90-MHz  proton 
T,  minimum,  the  next  highest  (43  kHz)  is  the  T,,  minimum,  and 
the  lowest  is  the  average  position  of  CSA  line-shape  coalescence. 
The  filled  triangles  are  maxima  of  dielectric  loss  curves  taken  at 
different  temperatures.  The  positions  of  all  points  have  an  as¬ 
sociated  uncertainty  of  the  order  of  10  °C  because  of  the  broadness 
of  loss  peaks  and  relaxation  minima. 
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Figure  7.  Dynamic  mechanical  spectrum.  The  solid  line  is  the 
simulation  employing  the  Williams-Watts  inhomogeneous  cor¬ 
relation  function  (eq  3)  with  the  parameters  set  from  the  CSA 
line-shape  analysis. 

base  is  available.  The  previous  estimates  for  the  amplitude 
of  restricted  rotation  or  oscillation  seem  to  be  effective  for 
fitting  data  at  both  frequencies.  The  primary  motion 
includes  jumps  which  extend  over  a  range  around  exact 
s-  flips.  The  inhomogeneous  nature  of  the  motion  indicated 
by  the  CSA  spectra  is  plausible  for  a  polymeric  glass. 
Differences  in  packing  lead  to  microscopic  density  fluc¬ 
tuation  or  a  free  volume  distribution.  Also  differences  in 
more  specific  interaction  between  chains,  aside  from 
packing  effects,  are  also  conceivable.  Spatially  separated 
groups  therefore  experience  different  barriers  to  motion. 

The  Williams-Watts  formalism  as  expressed  in  eq  3  and 
its  incorporation  in  multisite  exchange  line-shape  ex¬ 
pression  represent  this  distribution.  The  breadth  of  the 
distribution  may  depend  on  the  polymer  structure  and  the 
nature  of  the  motion.  For  BPA-PC,  an  a  value  of  0.154 
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indicates  a  broad  distribution.  A  model5  for  motion  in  solid 
BPA-PC  links  the  phenylene  motion  of  the  concerted 
cis-trans,  trans-trans  conformational  interchange  involving 
the  carbonate  unit.  Since  the  whole  process  extends  over 
more  than  one  monomer  unit,  it  is  reasonable  that  the 
motion  is  more  sensitive  to  steric  hindrance  and  reacts  to 
a  greater  degree  to  any  density  fluctuations  or  free  volume 
distribution  present  in  the  system,  thus  yielding  a  broader 
distribution  than  in  a  case  when  the  motion  is  simple  and 
very  localized. 

The  proposed  motional  nutdel  leads  to  the  diffusion  of 
a  defect  conformation  along  the  polymer  chain.  The 
diffusing  defect  experiences  a  range  of  barrier  heights 
resulting  from  various  local  packing  and  interaction  effects 
and  this  leads  to  a  distribution  of  waiting  times.  A  dif- 
fusional  process  experiencing  a  distribution  of  barrier 
heights  has  been  shown  to  lead  to  the  stretched  expo¬ 
nential  form  of  correlation  function.3*"22  This  development 
from  the  theoretical  side  lends  further  credence  to  an 
analysis  based  on  a  Williams-Watts  type  correlation 
function. 

Defect  diffusion  motion  in  combination  with  a  distri¬ 
bution  of  barrier  heights  has  been  used  to  derive  a 
stretched  exponential  correlation  function.20-'22  However, 
if  the  distribution  of  barrier  heights  is  different  in  the 
vicinity  of  spatially  distinct  relaxing  groups,  an  inhomo¬ 
geneous  correlation  function  would  result,  i.e.,  relaxing 
groups  at  different  spatial  positions  would  have  different 
relaxation  rates.  If  the  distribution  of  barriers  were 
equivalent  surrounding  each  spatial  site,  a  homogeneous 
correlation  would  result.  A  derivation  of  the  first  case  is 
not  available,  with  the  only  derivations20"22  corresponding 
to  one  set  of  barrier  heights.  These  derivations  start  with 
a  fundamentally  inhomogeneous  description  but  lead  to 
a  description  of  relaxation  at  only  one  site  without  con¬ 
sidering  the  prospect  of  the  barrier  height  inhomogeneity 
invoked,  producing  unequivalent  relaxation  at  other  sites. 

From  a  general  physical  viewpoint,  it  seems  unlikely  that 
the  correlation  function  itself  is  either  purely  inhomoge¬ 
neous  or  purely  homogeneous.  The  analysis  considered 
here  assumes  complete  inhomogeneity,  and  our  earlier 
analysis,1  complete  homogeneity.  The  line-shape  data  are 
indicative  of  considerable  inhomogeneity.  Proton  relaxa¬ 
tion  is  sensitive  to  the  presence  of  a  distribution  but  cannot 
distinguish  between  homogeneous  and  inhomogeneous 
because  of  extensive  averaging  over  spatial  sites  by  spin 
diffusion.  Carbon-13  T,19  and  7\,u  data  indicate  inho¬ 
mogeneous  character,  with  spin  dynamics  playing  a  lesser 
role  especially  in  the  case  of  the  Tx  data.19  A  decisive 
partitioning  between  the  homogeneous  and  inhomogeneous 
aspects  of  relaxation  in  a  glass  which  is  consistent  with 
spin-lattice  relaxation  and  line-shape  data  warrants  further 
consideration  both  theoretically  and  in  the  development 
of  additional  experimental  data. 

Temperature  also  affects  the  apparent  homogeneous  vs. 
inhomogeneous  character  in  line-shape  data.  At  low  tem¬ 
peratures  and  intermediate  exchange  rates  both  deuteri¬ 
um2  and  CSA  line  shapes  indicate  an  inhomogeneous 
distribution.  However,  at  high  temperatures,  both  sets  of 
line-.sha|>e  results  indicate  that  all  phenylene  rings  undergo 
large-angle  flips  in  the  fust  limit  From  the  defect  diffusion 
viewpoint,  at  lower  temperature  the  defects  can  diffuse 
over  a  limited  range  past  the  lower  barriers  in  the  distri¬ 
bution  of  harrier  heights.  The  associated  rings  will  appear 
as  mobile,  each  with  its  own  rate.  Phenylene  groups  ex¬ 
periencing  high  barriers  will  not  undergo  flips  on  the  time 
scale  of  the  experiment  or  only  very  slowly  and  will 
therefore  appear  as  rigid.  At  high  temperatures,  all  bar- 
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Figure  8.  Theoretical  deuterium  spectrum,  using  the  simuita- 
neous-inhomogeneous  description  and  parameters  at  -20  °C 
obtained  from  CSA  line-shape  analysis. 
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Figure  9.  Comparison  of  homogeneous  (a)  and  inhomogeneous 
(b)  theoretical  treatments  of  deuterium  line  shapes  for  phenylene 
group  rotation  for  equivalent  intermediate  rates:  (a)  r.  *  1.8  x 
10"'°  s.  «  *  0.16;  (b)  rr  =  5.0  x  10"*  s,  a  ■  0.16. 

riers  can  be  surmounted  in  the  time  scale  of  the  experiment 
so  all  rings  are  observed  to  undergo  flips.  If  the  temper¬ 
ature  is  sufficiently  high,  say  100  °C  in  BPA-PC,  a  dis¬ 
tribution  of  flip  rates  still  exists  but  all  of  the  rates  are  in 
the  fast  limit,  yielding  the  simple  rapid-limit  line  shape, 
which  can  be  simulated  by  any  jump  faster  than  the  fre¬ 
quency  separation  of  the  exchanging  line  positions.  The 
apparent  activation  energy  of  50  kJ/mol,  which  is  typical 
of  polymeric  glasses,  seems  quite  reasonable  and  is  in 
agreement  with  values  from  relaxation  map  analysis,  me¬ 
chanical  data,4  and  T,  and  Tlp  simulations.  Thus  the 
phenomenological  link  in  time  among  different  NMR, 
dielectric,  and  dynamic  mechanical  measurements  is  fur¬ 
ther  supported.  In  the  same  vein,  the  experimental  data 
for  dynamic  mechanical  measurements  can  be  matched 
rather  well,  using  activation  parameters  from  line-shape 
analysis  as  input  basis  for  eq  7,  which  is  similarly  reas¬ 
suring. 

In  view  of  the  success  of  the  simultaneous-inhomoge¬ 
neous  description  in  fitting  different  sets  of  experimental 
data,  it  seems  worthwhile  to  generate  a  theoretical  deu¬ 
terium  powder  spectrum  using  the  same  motional  picture 
and  the  correlation  time  at  -20  “C.  The  generated  spec¬ 
trum  should  closely  match  the  experimental  deuterium 
spectrum  at  -20  °C,  which  has  distinct  features  reflecting 
the  inhomogeneous  distribution.2  Since  the  pulse  widths 
and  qtiadrupolar  echo  delays  are  not  published,  the  cor¬ 
rections  to  the  deuterium  line  shape  cannot  be  affected. 
However,  similar  calculations  showed  that  for  the  case  of 
phenylene  flipping,  incorporating  the  corrections  shifts  the 
correlation  times  by  a  certain  factor,  but  the  basic  line- 
shape  features  remain.  Figure  8  shows  the  calculated  line 
shape,  which  displays  the  same  general  features  as  the  -20 
°C  expermental  spectrum.  This  similarity  in  line  shape 
obtained  with  the  correlation  time  at  -20  °C  from  CSA 


litje-shape  analysis  gives  additional  confidence  in  the 
phenylene  dynamics  picture  as  outlined  here.  It  should 
be  noted  that  due  to  the  increased  quadrupolar  interaction, 
the  features  that  distinguish  homogeneous  and  inhomo¬ 
geneous  line  shapes  for  intermediate  rates,  i.e.,  the  dif¬ 
ferences  at  the  absorption  maxima,  are  enhanced  over  the 
CSA  case  as  shown  in  Figure  9. 
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SOLID  STATE  LIKE  SHAPES  CALCULATED  FROM  A  FRACTIONAL 
EXPONENTIAL  CORRELATION  FUNCTION 
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Introduction: 

Local  packing  dlfferencea  obaarved  In  polyaarlc  glaaaaa 
raault  In  denalty  fluctuatlona  or  a  free  voluae  dlstrlbu- 
c Ion.  Thla,  coupled  with  a  variety  of  lnteraolecular  Inter¬ 
actional  a ay  cauae  notion  In  aolld-atata  to  be  distribution¬ 
al  In  character.  A  fractional  exponential  correlation  func¬ 
tion  of  the  fora  e-(t/ fp)a  with  0<u<l,  coamonly  referred  to 
as  the  Ullllams-Uatte  function,  has  long  been  eaployed  to 
describe  such  distributional  affects.  Ullllasu  and  Uatta 
have  used  thla  function  to  Interpret  dielectric  relaxation 
In  polyaers.  Recently  Bendler  et  al.*  hava  used  chls 
stretched  exponential  fora  to  describe  defect  diffusion  In  a 
situation  where  a  distribution  of  barrier  heights  exists. 

NMR  line  shapes  for  a  slapla  two-alte  exchange  based  on  this 
function  display  the  obvious  features  of  distribution. ^ 
However,  the  distribution  aay  arise  in  two  ways:^  (l)a 
hoaogenaoua  distribution  whera  the  motional  procaaa  Is  the 
same  throughout  the  matrix,  but  la  non-axponentlal  In  char¬ 
acter,  and  (11)  an  Inhomogeneous  distribution  where  there  la 
a  true  spatial  distribution  of  molecular  processes,  each  of 
which  la  charactarlaad  with  Its  own  axponantlal  time- 
constant.  Powder  NMR  line  shapes,  both  CSA  and  quadrupolar, 
are  In  general  more  tnforaattve  than  a  staple  single  line 
exchange  line  shape  particularly  with  respect  to  the  geom¬ 
etry  of  Che  motion.  Use  of  the  Wllllaaa-tfactS  function  for 
CSA  line  ahapea  has  been  successful  In  predicting  tha  nature 
of  distribution.4  Tha  large  quadrupolar  Interaction  often 
renders  the  deuterium  line  shapes  even  more  sensitive  than 
the  CSA  line  shapes.  In  this  report,  the  Ullllaaa-Watts 
non-exponential  correlation  function  will  be  applied  to  cal- 
culate  hoaogeneoue  and  Inhomogeneous  solid  deuterium  line 
shapes  for  tha  case  of  phenylene  w-f lipping  around  C1C4 
axle.  The  line  ahapea  are  compared  with  the  onea  obtained 
for  a  single  correlation  time.  The  applications  are  related 
to  published  experimental  data  on  PBT^  and  our  own  CSA  find¬ 
ings.4 

Calculation: 

Line  ahapea  for  single  correlation  tlaes  are  calculated 
according  to  the  two-site  exchange  formalism  developed  Inde¬ 
pendently  by  Mehrlng8  and  Hammer. ^  The  distributional 
models  make  use  of  the  HI lllaas-Hatts  function: 

♦  ft)  -  e-<t^p)a  (1) 

whera  Xp  Is  the  center  correlation  time,  and  o,  the  breadth 
parameter.  Smaller  n's  are  associated  with  broader  distri¬ 
butions-  Eq.  (1)  can  be  recast  In  the  form:- 

4(t)  -  /  d( log  x)  G( log  t)  exp(-t/t)  (2) 

The  following  discrete  summation  fora  la  easy  to  use 

♦(t)  »  IP j  expf-t/xj)  (3) 

with  a  normalization  constant  given  by  y(0)  -  IPi  »  1; 

1 

Pj  •  G( log  x j )  (log(xj/x j+i)l 
where  by  the  definition  In  Eq .  (2) 

G( log  r)  -  rp(r)/log  e 


For  £>(x),  the  series  expansion  fora  as  reported  by 
Hendler  et  al.8  and  shown  below.  Is  used  in  our  calculation. 

p(r)  “  a/ip(t/xp)a_1  a~(c^Tp)  ( l-aF2+a^F3"a^F4+a4F5+. . . . 

The  terms  Fj,  Fj,  F 4  and  F5  which  have  a  and  Tp  dependence 
are  defined  In  ref.  2. 

For  a  homogeneous  distribution,  Kaplan  et  al.  use  the 
correlation  function  expression  (3)  and  develop  the  final 
line  shape  expression  for  a  two-alte  exchange  process  [Eq. 
(22),  ref.  )].  For  our  case,  tha  same  expreaalon  Is  ex¬ 
tended  to  a  polycrystalline  type  line  shape.  For  an  Inhomo¬ 
geneous  distribution,  the  same  line  shape  expreaalon  aa  uaed 
for  a  single  correlation  time  process,  Is  eaployed  but  with 
a  distribution  of  correlation  tlaea.  Each  correlation  time 
makes  its  own  contribution  towards  the  total  line  shape  col¬ 
lapse  and  the  contribution  In  each  case  la  weighted  accord¬ 
ing  to  the  distribution  embodied  In  Eq.  (3).  A  scheme 
adopted  to  save  coaputer  tine  is  described  elsewhere.4  In 
all  our  calculations  Involving  distribution,  we  use  an  a 
value  of  0.30.  The  a  values  are  usually  aatlaatad  in  con¬ 
junction  with  other  seta  of  experiments  such  as  carbon-13  or 
proton  Tj  or  Tj^  data.4  It  aay  also  be  possible  to  set  an  a 
value  by  matching  both  shapes  and  trua  Intensities  In  quad- 
rupola  echo  axperiaents.  It  needs  to  be  emphasized  hare, 
however,  that  general  shapes  ara  determined  primarily  on  the 
basis  of  tha  particular  motional  description,  irrespective 
of  intensities.  Since  our  main  objective  la  to  test  wider 
applicability  of  the  Ullllaas-Uatts  function  for  NMR  line 
ahapea  and  since  tha  published  data  do  not  contain  reduction 
factors  showing  loss  In  Intensity  relative  to  true  FID's,  we 
use  an  a  value  of  0.30,  which  la  reasonable  for  glassy  poly- 
aare.  Tha  calculated  spectra  are  corrected  for  pulse  power 
fall-off  aa  a  function  of  frequency8  and  for  motions  that 
occur  during  the  quadrupola  echo  delay  time.4  Attempts  were 
Bade  to  fit  Una  shapes  reported  In  ref.  5  (p.  2402)  and  re¬ 
sults  for  simulation  at  5 0*C  are  shown  In  Fig.  1.  Calcu¬ 
lated  line  shapes  are  Indicated  by  solid  lines  and  tha  ex¬ 
perimental  by  dashed  Unea. 

Discussion: 

Results  In  Fig.  1  show  that  calculated  Una  shapes  for 
single  correlation  time  ( - ,  la)  and  homogeneous  distri¬ 

bution  (— ■  -,  lb)  have  quite  similar  features.  A  homogene¬ 
ous  distribution  adds  some  extra  broadening  effects  without 
altering  the  basic  Una  shape  features.  Hlth  an  Inhomogene¬ 
ous  distribution,  chls  Is,  however,  not  tha  case  aa  can  be 
seen  from  the  calculated  line  shape  (— — )  shown  In  Fig.  lc. 
The  line  shape  has  obvious  festures  which  allow  one  to  easi¬ 
ly  distinguish  the  Inhomogeneous  case  from  Che  ocher  two 
categories.  This  la  to  be  expecced,  since  In  polymers, 
local  density  fluctuation  coupled  with  Interaction  effects 
produce  different  local  environs  for  tha  same  motional  pro¬ 
cess.  The  motional  processes  thus  experience  apparently 
different  barrier  halghta,  leading  to  the  lnhomogeneoua  dis¬ 
tribution.  These  results  are  also  In  agreement  with  our  CSA 
line  shape  analyses4  and  clearly  demonstrate  the  utility  of 
stretched  axponantlal  form  aa  a  basis  for  explaining  distri¬ 
bution  in  polyaers.  The  Improved  match  of  the  experlaental 
line  shape  with  the  Inhomogeneous  calculston  Is  easily  noted 
In  the  figure.  An  Arrhenius  analysis  of  Xp'a  gives  an  acti¬ 
vation  energy  of  45  kJ/aole  which  la  typical  for  polymeric 
glasses  but  Is  much  larger  than  the  esclaace  baaed  on  a  sin¬ 
gle  exponential  correlation  function.  A  detailed  analysis 
of  a  larger  data  base  la  desirable  for  a  better  esclaate  of 
a  and  activation  energy. 

The  present  report  and  numerous  other  quadrupole,  CSA 
and  spin-lattice  relaxation  studies4’*®”'^  on  glassy  poly¬ 
aers  clearly  demonstrate  that  In  general  the  dynamics  Is 
distributional  In  character  and  the  distribution  can  be  con¬ 
veniently  and  accurately  characterized  by  the  stretched  ex¬ 
ponential  or  Wllllaaa-Watts  function.  A  physical  origin  of 
thla  distribution  has  been  a  topic  of  recent  discussion  in 
the  II terature^ • 13-15  and  lends  further  credence  to  this 
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approach.  Also  froa  the  experimental  literature  attained 
thua  far  there  la  a  atrong  Indication  that  tha  dlatrlbutlon 
la  In  general  lnhoaogeneous  In  glaaay  polymer* . 
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Fig.  1:  Compariaone  of  alngle  correlation  time  (a),  homog- 
eneoua  (b)  and  Inhomogeneous  (c)  treatments  for 
simulation  of  deuterium  line  shape  on  PBT  at  50°C 
(ref.  5,  p.  2402).  In  each  case,  the  calculated 

line  shape  la  represented  by  the  solid  ( - ) 

line  and  the  experimental  by  the  dashed  ( - ) 

line.  The  correlation  times  for  the  calculated 
spectra  are:  a)  9.0  x  10'7s  (t),  b)  1.0  x  10-«s 
(Tp),  and  c)  1.2  x  lO^g  (Tp>. 
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SUMMARY 

Deuterium,  carbon-13  and  proton  spin-lattice  relaxation  times  at  two  fields  are  reported 
for  dilute  solutions  of  l,l-dichloro-2,2-bis(4-hydroxyphenyl)ethy)ene  polyformal.  The 
carbon-13  and  proton  relaxation  measurements  were  made  at  a  concentration  of  10% 
(w/w)  in  deuterated  s-tetrachloroethane  and  as  a  function  of  temperature.  A  partially 
deuterated  analog  with  deuterated  methylene  groups  was  used  in  order  to  remove  cross¬ 
relaxation  effects  from  the  phenylene  proton  relaxation.  In  addition,  deuterium  relaxa¬ 
tion  measurements  were  made  on  this  sample  at  a  concentration  of  10%  (w/w)  in  tetra- 
chloroethane  as  a  function  of  temperature.  The  data  are  interpreted  in  terms  of  seg¬ 
mental  motion  arising  within  the  bisphenol  units  and  anisotropic  internal  rotations  of  the 
other  structural  components.  Motions  of  the  phenylene  groups  in  the  backbone  are  des¬ 
cribed  by  the  Hall-Helfand  segmental  correlation  function  plus  the  Woessner  anisotropic 
internal-rotation  correlation  function.  Motions  of  the  formal  linkage  are  described  by  the 
same  segmental  correlation  function  plus  an  internal  correlation  function  based  on  res¬ 
tricted  double  rotation  about  the  two  carbon/oxygen  bonds.  The  local  motion  of  the 
formal  group  is  discussed  in  terms  of  conformational  transitions  that  are  likely  in  a  poly¬ 
formal  in  view  of  the  conformational  energy  surface.  A  Helfand  Type  II  motion  of  the 
formal  group  corresponding  to  a  transition  from  gg  to  tg  is  identified  as  the  most  plaus¬ 
ible  rearrangement  of  this  unit. 

Spin  relaxation  in  dilute  solution  has  been  used  to  characterize  local  chain 
motion  in  several  polymers  with  aromatic  backbone  units  [1-  5] .  One  not¬ 
able  type  is  aromatic  polycarbonates  which  are  common  high-impact-resistant 
engineering  plastics.  The  polymer  examined  here,  l,l-dichloro-2,2-bis(4- 
hydroxyphenyl)ethylene  polyformal,  shown  in  Fig.  1  and  abbreviated 
Chloral-PF,  is  a  structural  analog  of  a  well  studied  polycarbonate,  Chloral-PC 
[4,  5J.  The  only  difference  in  the  structure  of  Chloral-PF  relative  to  Chloral- 
PC  is  the  replacement  of  the  carbonate  units  by  formal  units.  The  formal 
unit  presents  an  opportunity  to  monitor  chain  motion  at  a  site  inaccessible 
in  polycarbonates  because  the  carbonate  unit  contains  no  protons  and  thus 
cannot  be  probed  by  the  usual  approach.  Additional  motivation  for  study 
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Fig.  1.  Structure  of  the  repeat  units  and  the  auociated  abbreviations. 

arises  because  this  polymer  has  a  dynamic  mechanical  spectrum  similar  to 
the  impact-resistant  polycarbonates  [6] . 

An  early  report  of  spin  relaxation  and  local  motion  of  dissolved  Chloral- 
PF  has  already  been  presented  (7].  In  the  present  paper,  an  expanded  data 
base  is  presented  to  verify  and  extend  the  previous  interpretation.  On  the 
basis  of  the  earlier  data,  the  formal  group  was  viewed  as  undergoing  segmen¬ 
tal  motion  originating  in  the  bisphenol  unit  plus  restricted  rotational  diffu¬ 
sion  about  an  axis  between  the  oxygens  of  the  formal  group.  As  discussed  in 
the  previous  study,  the  choice  of  the  0—0  rotation  axis  is  an  approximation, 
leading  to  the  conclusion  that  the  formal  group  rotates  freely  about  the 
0—0  axis  at  high  temperature.  With  an  enlarged  experimental  data  base,  it  is 
now  possible  to  consider  a  more  detailed  and  realistic  model  for  the  formal 
group  motion.  This  model  consists  of  simultaneous,  restricted  rotations  about 
the  C— O  bonds  in  the  formal  linkage.  The  Szabo  convention  [8, 9]  is  adopted 
to  describe  simultaneous  trans— gauche  two-site  jumps  about  the  C— O  bonds. 
This  picture  is  consistent  with  solid-state  deuterium  n.m.r.  studies  on  several 
polymers  in  which  the  methylene  units  in  the  backbone  of  the  polymer 
chain  undergo  trans— gauche  isomerization  [10—12],  In  the  earlier  study,  it 
was  also  assumed  that  formal  group  rotation  has  no  effect  on  the  phenylene 
group  motion.  In  the  interpretation  to  be  presented  here,  this  assumption  of 
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localized  independent  formal  group  motion  continues  to  yield  the  best  simu¬ 
lation  of  the  data. 

The  deuterium  magnetic  resonance  data  reported  here  provide  an  indepen¬ 
dent  probe  of  chain  motion  because  the  relaxation  mechanism  stems  from 
the  quadrupolar  interaction.  This  mechanism  is  entirely  different  from  the 
source  of  proton  and  carbon-13  relaxation  which  results  from  modulation  of 
the  dipole/dipole  interaction.  Also,  certain  complexities  present  in  dipolar 
relaxation  such  as  cross-relaxation  and  cross-correlation  are  absent  from 
quadrupolar  relaxation.  The  deuterium  spin-relaxation  times  in  this  report 
are  measured  at  two  field  strengths  in  the  deuterated  Chloral-PF  analog  shown 
in  Fig.  1.  The  combination  of  deuterium,  proton  and  carbon-13  relaxation 
measurements  each  at  different  field  strengths  provides  an  unusually  exten¬ 
sive  frequency  probe  (13.8—250  MHz)  yielding  a  critical  data  base  for  quan¬ 
tifying  the  dynamics. 

EXPERIMENTAL 

High-molecular-weight  samples  of  the  polyformal  were  kindly  supplied  by 
General  Electric.  The  structure  of  the  repeat  unit  is  shown  in  Fig.  1  as  well 
as  the  structure  of  a  partially  deuterated  form  which  was  synthesized  here 
[13].  Based  on  instrinsic  viscosity,  the  weight-average  molecular  weight  of 
the  polyformal  is  3.7  X  104  Daltons  and  that  of  the  deuterated  analogue  is 
2.9  X  104  Daltons.  A  10%  (w/w)  solution  of  the  polyformal  in  C2DjC14  was 
prepared  for  proton  and  carbon-13  spin  relaxation  measurements.  Another 
10%  (w/w)  solution  of  the  partially  deuterated  polymer  in  tetrachloroethane 
was  also  prepared  for  deuterium  spin-relaxation  measurements.  These  two 
samples  were  subjected  to  five  freeze/pump/thaw  cycles  before  sealing. 

Two  spectrometers  were  used.  The  30-  and  90-MHz  proton  measurements, 
the  22.6-MHz  carbon-13  measurement  and  13.815-MHz  deuterium  measure¬ 
ment  were  obtained  on  a  Bruker  SXP  20-100.  The  250-MHz  proton,  62.9-MHz 
carbon-13  and  38.397-MHz  deuterium  measurements  were  obtained  on  a 
Bruker  WM-250.  Temperature  control  was  maintained  to  +2  K  with  a  Bruker 
B-ST  100/700  variable-temperature  accessory  calibrated  against  a  thermo¬ 
couple  placed  in  a  sample  tube.  All  T(  measurements  were  made  with  a  stan¬ 
dard  180°— t— 90°  sequence  and  are  reported  with  an  experimental  uncer¬ 
tainty  of  10%.  Typical  jr/2  pulse  widths  for  all  nuclei  are  in  the  range 
10—25  ms.  The  10%  error  reported  for  Tt  includes  errors  arising  from  sample 
prepp ration,  temperature  control,  pulse  sequence  and  the  fitting  of  the 
recovery  of  magnetization  to  equilibrium. 

RESULTS 

The  recovery  of  magnetization  to  equilibrium  monitored  in  the  180°—  t— 
90°  sequence  follows  a  simple  exponential  dependence  on  delay  time,  r.  The 
data  were  fitted  both  with  the  standard  linear  least-squares  form  and  non- 
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linear  least-squares  form.  The  two  treatments  yielded  relaxation  times 
(T,)  within  10%  of  each  other  and  average  values  are  reported.  No  evidence 
of  cross-relaxation  or  cross-correlation  were  observed  in  the  decay  curve  of 
the  recovery  of  magnetization.  The  presence  of  cross-relaxation  in  the  proton 
data  was  further  checked  by  comparing  the  phenylene  Tx  value  in  the  fully 
protonated  polymer  to  the  phenylene  Tt  value  in  the  deuterated  polymer. 
The  phenylene  proton  is  about  10%  longer  in  the  deuterated  polymer 
indicating  a  small  amount  of  cross-relaxation  though  the  10%  change  is  essen¬ 
tially  the  same  as  the  experimental  uncertainty.  Ttble  1  contains  proton, 
carbon-13  and  deuterium  Tj  values  as  a  function  of  temperature  and  Larmor 
frequency. 

Interpretation 

The  standard  relationships  between  Tj  values  and  spectral  densities,  J,  are 
used  for  carbon-13,  the  expressions  are: 

1  IT,  =  W0  +  2  Wlc  +  W, 

Wo  =  £  7c1'H^J«^i(tJo)/20r* 

/ 

TABLE  1 


Spin-lattice  relaxation  times  of  Chloral-PF 


Temp.  (°C) 

Relaxation  time  (ms) 

Phenylene  proton 

Phenylene  carbon 

90  MHz 

30  MHz 

62.9  MHz 

22.6  MHz 

0 

548 

153 

137 

72 

20 

499 

189 

174 

106 

40 

522 

274 

243 

156 

60 

628 

412 

377 

349 

80 

794 

553 

543 

448 

100 

1168 

763 

798 

679 

120 

1411 

939 

1113 

936 

Temp.  (’C) 

Relaxation  time  (ms) 

Formal  proton 

Formal  carbon 

Formal  deuterium 

250  MHz  90  MHz 

62.9  MHz 

22.6  MHz 

38.4  MHz 

13.8  MHz 

-20 

3.15 

1.09 

0 

335 

129 

81 

36 

3.09 

1.55 

20 

282 

114 

91 

52 

3.97 

2.70 

40 

268 

133 

115 

82 

6.21 

5.44 

60 

295 

198 

158 

123 

11.92 

10.65 

80 

350 

258 

229 

193 

17.95 

17.00 

100 

467 

320 

339 

275 

28.86 

27.40 

120 

628 

433 

403 

377 

41.08 

40.57 
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Wle  =  Z  V,(wc)/ 40rf  ( la) 

i 

W2  =  I  3tSt&*V2(«,)/10^ 

i 

U)  o  =  ^  H  c  ^  2  =  ^  H  ^  C 

and  for  protons  the  relationship  is 

l/T,  -  Z  {9/8)74fiJr/6  [{2/15)J,  («„)  +  (8/15)  (2wH)]  (lb) 

i 

For  deuterium  quadrupole  relaxation  in  liquids,  the  expression  [14]  is 

l/T,  -(3/80X1  +  n3/3)(eJq«/«)J  [</{w  D)  +  4J(2cju)]  (lc) 

where  eJq<?/rt  is  the  quadrupole  coupling  constant.  The  asymmetry  para¬ 
meter,  q,  is  negligibly  small  for  deuterium  [11,  14] . 

The  intemuclear  distances  used  are  1.09  A  for  the  phenylene  C-H  dis¬ 
tance,  1.135  A  for  the  formal  C— H  distance,  2.36  A  for  the  2—3  phenylene 
proton  distance,  and  1.79  A  for  the  formal  proton— proton  distance.  The 
intemuclear  distance  between  the  2  and  3  phenylene  protons  is  small  but  it 
is  consistent  with  x-ray  results  on  a  similar  low-molecular-weight  molecule, 
dimethyl  terephthalate  [15].  The  quadrupolar  relaxation  expression  requires 
knowledge  of  the  quadrupole  coupling  constant.  For  polymethylene  oxide, 
the  methylene  quadrupole  coupling  constant  is  154  ±  2  kHz  [11].  For  the 
polymethylene  chains,  the  coupling  constant  is  167  kHz  [12].  The  coupling 
constant  used  here,  160  kHz,  is  in  reasonable  agreement  with  these  values. 

The  expressions  for  the  spectral  densities  can  be  developed  from  models 
for  local  motion  in  randomly  coiled  chains.  The  local  motions  to  be  con¬ 
sidered  here  are  segmental  rearrangements,  phenylene  group  rotation  and 
formal  group  rotation.  Segmental  motion  is  described  by  a  model  developed 
by  Helfand  and  coworkers  [16,  17] ,  based  on  computer  simulations  of  chain 
dynamics.  The  correlation  function  for  segmental  motion  involves  two 
motional  processes  and  is  given  by 

«(t)  -  exp(— f/r0)  exp (— t/r,)  /0(t/T,)  (2) 

where  r,  is  the  correlation  time  for  cooperative  conformational  transitions 
involving  several  bonds,  t0  is  the  correlation  time  for  single-bond  conforma¬ 
tional  transitions,  and  /<,  is  a  modified  Bessel  function  of  order  zero.  This 
correlation  function  has  been  successfully  applied  to  the  solution  study  of 
polycarbonates  [5],  Single  bond  and  cooperative  transitions  occur  in  the  bis- 
phenol  units  of  the  backbone.  Segmental  motions  about  the  bonds  of  this 
unit,  depicted  in  Fig.  2,  affect  the  dynamics  of  both  the  phenylene  and 
formal  groups.  The  correlation  function  can  be  Fourier-transformed  to  yield 
the  following  spectral  density  required  for  calculation  of  spin  relaxation. 

Aw)  *  2{[(t5')(t5i  +  2rl')  -  w5]J  +  (2(ro'  +  r^w]2}*1'4 

cos  (1/2  arctan  2 (ri1  +  r,')w/[r o'^o1  +  2t J* )  —  w2]}  (3) 
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Pig.  2.  The  physical  picture  of  segmental  motion  within  the  bisphenol  unit.  The  arrows 
indicate  those  bonds  in  the  bisphenol  unit,  the  reorientation  of  which  is  included  in  the 
description  of  segmental  motion. 

Local  phenylene  and  formal  group  rotation  can  be  described  by  aniso¬ 
tropic  internal  rotation  [18].  The  correlation  function  for  a  trans- gauche 
two-site  jump  in  the  formal  group  can  be  calculated  by  using  the  Jones  two- 
site  jump  model  [19].  For  two  rotational  equilibrium  positions,  the  time- 
dependent  probabilities  can  be  calculated: 

P(0„  0)  -  1/2 

fl0»O)  -  1/2  [1  +  exp(— f/r)]  (for  i  «;)  (4) 

P(0/,  f  I0(,  0)  =  1/2  [1  —  exp(—f/r)]  (for  i  *  j) 

where  P(0,,  0)  is  the  probability  of  finding  the  internuclear  vector  at  angle  0„ 
P(<pj,t I0f, 0)  is  the  time-dependent  probability  of  finding  the  internuclear 
vector  at  angle  <pj  given  0,  at  time  f  =  0.  The  correlation  function  can  thus  be 
calculated  by  using  those  probabilities: 

gmp(t)  =*  exp[im0/(O)]  exp[-tp0/f)] 

=  I  P(<f>h  0)  exp(im$i)  [  I  exp (-ip0y)  P(0y,  1 1 <t>,,  0)]  (5) 

i  i 

Assuming  that  the  correlation  function  is  independent  of  the  initial  position, 
0,(O),  which  is  dependent  on  the  choice  of  the  coordinate  system,  then 

tfmm(t)  *  1/2 [1  +  exp(-t/rw)]  +  1/2[1  -  expl-f/T^)]  (cos  m0 )  (6) 

When  m  =*  p,  gmp(t)  =  0.  Here,  0  is  the  jump  angle,  and  is  the  jump  relaxa¬ 
tion  time.  For  the  trans— gauche  conformational  change,  0  =  120°,  and  thus 

aroo(t)  =  l;#iiu(t)  a#±»*s(0  =  */4  +  3/4  exp(-f/rw)  (7a) 

For  0  ■  180°,  referred  to  as  a  n  flip, 

goo(t)  «  l;*±m(f)  ■  exp(-f/rfr/r);*t2t2(f)  =  1  (7b) 

The  Szabo  formula  is  used  next  to  express  the  internal  correlation  function 
for  double  rotations  as 

G<0  =  I  Edio[A]d^[AJ*d*„W21)d*mOJ2l)«a>(f)ig>(f) 

mn  p 


(8) 
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where  d^,0  [A] ,  d^[A  ] ,  and  d’m{0,,]  are  reduced  Wigner  rotation 

matrices.  A  frame  1  is  defined  such  that  the  rotation  axis,  Z i,  is  along  the  Z 
axis  of  frame  1.  The  intemuclear  vector  I  rotates  about  the  Z,  axis,  as  shown 
in  Fig.  3.  Similarly,  the  Z(  axis  rotates  about  the  Z  axis  of  frame  2.  Here, 
A  is  the  angle  between  the  intemuclear  vector  and  the  rotation  axis  Z,; 
02i  is  the  Euler  angle  between  the  two  rotation  axes  Z,  and  Z2;  and  gmUO 
and  gpp(f)  are  the  correlation  functions  describing  rotation  of  the  intemuclear 
vector  about  the  Z,  axis,  and  the  rotation  of  frame  1  about  the  Z  axis  of 
frame  2,  respectively.  Equation  8  can  be  simplified  when  the  correlation 
function  is  independent  of  initial  states.  For  this  case,  m  =  n,  and  G(t) 
becomes, 

G(t)  =  I  [dJ,0(A)r  [d^.)]1  giiJ.tfUgftO  (9) 

mp 

By  using  this  equation,  several  types  of  anisotropic  motion  can  be  introduced 
including  jumps  between  two  minima,  jumps  between  three  minima  or 
stochastic  diffusion. 

In  the  case  of  one  internal  rotation  axis,  the  correlation  function  in  Eqn.  8 
reduces  to 

G(f)-  I  d^lAld^AlV^d)"!  {dUA]}sUD  (10) 

mn  m 

where  gm(t)  is  the  correlation  function  described  by  Woessner  [18],  For 
stochastic  diffusion  of  phenylene  group  rotation  about  the  C,— C4  axis,  the 
correlation  function  is 


Zm 


Fig.  3.  The  coordinate  systems  for  double  internal  rotations  of  the  formal  group.  The 
intemuclear  vector,  I,  rotates  about  the  Z ,  axis.  Z,  rotates  about  the  Z,  axis  which  is  the 
Z  axis  of  frame  2.  The  axes  of  the  molecular  frame  (Zm,  Ym,  Xm)  are  arbitrarily  chosen 
to  coincide  with  those  of  frame  2  (cf.  [20]). 
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G(f)  -  A  +  B  exp (—tlr^)  +  C  exp(-4 t/rin>)  (11) 

where  A  =  (3cosJA  —  l)1/4,  B  =  3(sinJ2A)/4,  and  C  =  3(sin4A)/4. 

The  correlation  function  for  segmental  motion  can  be  combined  with 
formal  group  rotation  and  phenytene  group  rotation  to  yield  a  composite 
correlation  function  when  each  of  the  three  local  motions  is  considered  to 
be  independent.  By  using  Eqns.  2  and  9,  this  composite  correlation  function 
can  be  Fourier-transformed  to  yield  the  following  spectra  density: 

J(oj)  *2  Re  J  <p(t)  G(f)  exp(iwf)dt 
o 

=  2  Ref  I  [d^10(A)]1[dpm  (Pit))7  exp(-f/r0)  exp(-t/r,)  I0(t/Tl) 

0  mp 

tilUVtSH*)  exp(iut)dt  ( 12) 

By  inserting  the  internal  correlation  function  for  formal  group  motion  des¬ 
cribed  by  Eqn.  7(a)  and  integrating,  the  spectra  density  becomes 

J(co )  “  r  i ,  lo )  (doo(A )] 2  [doo(02i)1 2 

+  [  1/16 /a  (ro.  r  i,w )  +  3/8«fb  (tw,  t„  w  )  +  9/16  «/c(rc0,  r,,  w)J 

<  2[d|0(A)]2  {[d|a(0ai)Ja+  [dii(0ji)l2} 

+  2[?o(A)]J  {[d?,(02,)J2  +  [dU^,)]’} 

+  2{[d?0(A)]J  +  (dlo(A)]1}  {[dl, (/)„)]’  +  [d*.,(0*.)]2}  > 

+  [1/4  Ja  (tq,Ti,Ia>)  +  3/4  (ffco. r i, o) )] 

<  2{[dJo(A)]2  +  [d|0( A)] 2}  ld|o«32,)]2 

+  2{[dS0(A)],+  (d?0(A)]a)  [d|o(02i)]2  >  (13) 

with  r;*0  =  to  +  t£  and  r;'0  »  t~0'  +  (rirf/2)-’ 

Here,  J„(to,  t i,  u ),  r, ,  cj  )  and  «/c(rco,  T| ,  w )  have  the  same  form  as 

Eqn.  3  with  r„  replaced  by  r„,  rM  and  r^,  respectively.  A  correlation  time, 
T^f ,  is  set  for  the  time  scale  of  formal  rotation  about  the  C— O  axes. 

For  phenylene  group  motion,  two  approaches  were  considered.  The  first 
approach  allows  no  effect  from  formal  gToup  rotation  and  the  second  ap¬ 
proach  allows  for  the  effect  of  rotation  of  formal  group.  In  the  first  case, 
simply  substituting  Eqn.  11  for  G(f)  into  Eqn.  12  yields  the  spectral  density 

«f(«)  “  AJX  (r0,  ri,  w)  +  BJy( ryo,  t i,  w)  +  CJZ( rl0,  rt,  w)  (14) 

For  stochastic  diffusion, 

Ty'o  =  To'  +  o  =  To  +  ( r  frp  /  4)'1  (15) 


The  form  of  Jx,  Jy  and  J,  is  the  same  as  in  Eqn.  3  with  r0  replaced  by 
r0,  r, o  and  r,0.  respectively.  A  correlation  time,  r^,  is  set  for  the  time  scale 
of  phenylene  rotation.  In  the  second  case,  the  correlation  function  for 
phenylene  group  motion  is  obtained  by  multiplying  the  correlation  function 
for  stochastic  diffusion  given  by  Eqn.  11  with  a  correlation  function  given 
by  Eqn.  7(a).  Following  the  same  calculation  as  in  the  derivation  of  Eqn.  13, 
then  yields  a  lengthy  but  very  similar  result  to  Eqn.  13. 

Because  of  the  simple  form  for  segmental  motion  in  the  Hall-Helfand  cor¬ 
relation  function  [16],  Eqns.  13  and  14  can  be  used  in  a  nonlinear  least- 
squares  program  to  fit  the  data  as  a  function  of  temperature  if  an  Arrhenius 
dependence  is  assumed  for  t0,  t,  and  r^.  Two  frequencies  of  phenylene 
proton  data  and  six  more  frequencies,  two  each  for  formal  proton,  carbon 
and  deuterium  data,  are  simulated  by  three  parameters:  r0,  r,  and  rirf.  Be¬ 
cause  both  the  formal  group  and  phenylene  group  are  in  the  backbone,  it  is 
required  that  the  same  r0  and  r,  parameters  for  segmental  motion  are  used 
in  fitting  the  formal  and  phenylene  group  motion.  After  the  segmental  and 
formal  motion  parameters  have  been  measured,  the  correlation  time,  Tirp, 
for  phenylene  group  rotation  is  determined  from  the  phenylene  carbon  data. 
All  experimental  relaxation  times  can  be  simulated  to  about  10%,  which  is 
within  experimental  error.  Correlation  times  and  Arrhenius  parameters  are 
compiled  in  Table  2. 

Because  the  phenylene  proton/proton  dipole  interaction  is  parallel  to  the 
Cj— C«  axis  of  the  ring,  proton  7\  values  of  the  phenylene  group  measured 
at  two  frequencies  can  conceivably  be  affected  by  both  segmental  motion 
and  formal  group  motion.  If  the  effect  of  formal  group  rotation  is  included 
in  the  simulation  as  discussed  above,  the  phenylene  group  would  rotate  120° 
about  the  C— O  axis.  This  leads  to  deviations  from  the  experimental  pheny¬ 
lene  T,  values,  producing  high  Tx  predictions  for  the  entire  temperature 

TABLE  2 


Simulation  parameters  for  Chloral-PF  using  the  Hall-Helfand  model 


Temp.  CC) 

r,(ns) 

r«(ns) 

T*p(ns) 

Ttrf<  ns) 

-20 

3.40 

25.0 

— 

15.0 

0 

2.38 

11.0 

2.15 

4.5 

20 

1.14 

6.5 

1.19 

2.5 

40 

0.60 

4.14 

0.81 

0.99 

60 

0.34 

2.77 

0.37 

0.57 

80 

0.21 

1.94 

0.26 

0.34 

100 

0.13 

1.41 

0.18 

0.21 

120 

0.088 

1.06 

0.126 

0.149 

(kJ  mol*') 

24.5 

17.4 

21.0 

26.1 

r~  <f«> 

48.9 

5160.0 

188.4 

77.4 

Correlation 

0.99 

0.99 

0.99 

0.99 

coefficient 
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range.  Inclusion  of  the  formal  motion  in  the  calculation  of  the  phenylene 
group  relaxation  simply  leads  to  too  much  motion.  If  the  phenylene  group 
rotation  is  considered  over  smaller  angles,  e.g.,  60°  or  less,  about  the  C— O 
axis,  it  is  possible  to  simulate  the  proton  and  carbon  data  by  re-adjusting  the 
simulation  parameters  (tj,  r0  and  rirf).  However,  the  deuterium  data  cannot 
be  simulated  well  with  this  set  of  parameters.  This  difficulty  indicates  the 
utility  of  a  large  data  base  in  discriminating  between  various  motional  pos¬ 
sibilities.  The  only  consistent  interpretation  found  restricts  formal  group  in¬ 
ternal  rotation  to  the  formal  group  with  no  associated  motion  of  the  pheny¬ 
lene  group.  It  is  possible  that  very  small  amplitude  motion  of  the  phenylene 
group  resulting  from  formal  motion  exists  but  mayor  reorientation  is  unlikely 
to  view  of  the  present  simulation  results. 

DISCUSSION 

The  results  for  formal  group  motion  differ  from  the  earlier  study  on  this 
system.  The  current  interpretation  involves  trans— gauche  isomerization  with¬ 
in  the  formal  unit  amd  this  motion  does  not  extend  beyond  the  formal  unit. 
By  applying  the  double  internal  rotation  concept  to  the  formal  group  and  in¬ 
cluding  two  deuterium  frequency  measurements,  it  is  possible  to  obtain 

TABLE  3 

Comparisons  of  simulation  parameters  of  polycarbonates  and  polyformal 

Polymer  Segmental  motion  Ref. 

Apparent  activation  energy  Arrhenius  prefactor 


(kJ  mol'1 ) 

r-  (fs) 

Cooperative 

Single  backbone 

Cooperative 

Single  backbone 

segmental 

rotation 

segmental 

rotation 

t gm  (r,) 

(r.) 

<*,) 

(r.) 

BPA-PC 

150  19 

16 

280 

10030 

4 

Chloral-PC 

164  17 

18 

940 

4090 

4 

Chloral-PF 

108  25 

17 

50 

5160 

This 

work 

Phenylene  ring  motion 

TrCC)» 

Type 

E0  (kJ  mol" 

’)  T„  (ft) 

BPA-PC 

-100 

Stochastic 

diffusion 

22 

60 

4 

Chloral-PC 

-100 

Stochastic 

diffusion 

18 

400 

4 

Chloral-PF 

-100 

Stochastic 

21 

190 

This 

diffusion 

work 

*The  temperature  of  the  main  sub-glass  transition  loss  peak  measured  at  1  Hz  [6]. 


reasonable  time  scales  and  activation  energies  for  segmental  motion  and  in¬ 
ternal  rotation  which  can  be  compared  to  the  corresponding  values  obtained 
for  the  polycarbonates  [3—5].  Table  3  contains  those  comparisons.  The 
similarity  of  the  segmental  motion  is  apparent  and  reasonable  because  the 
segmental  description  reflects  motions  within  the  bisphenol  unit  as  shown  in 
Fig.  2  and  is  not  associated  with  the  formal  or  carbonate  groups.  One  inter¬ 
esting  difference  between  the  Hall-Helfand  interpretation  of  Chlorai-PF  and 
the  polycarbonates  is  the  relative  apparent  activation  energies  for  rt  and  r0. 
For  the  polycarbonates,  the  activation  energies  for  cooperative  segmental 
motion  and  single  backbone  bond  rotation  are  found  to  be  similar.  This  can 
only  occur  if  cooperative  segmental  motions  occur  sequentially  as  opposed 
to  simultaneously  [21—23].  For  the  Chloral-PF,  the  activation  energy  for 
the  cooperative  process  is  somewhat  higher  than  for  the  single  transitions 
which  may  be  indicative  of  more  nearly  simultaneous  cooperative  transitions 
such  as  those  produced  by  crankshaft  motions.  The  same  result  was  also 
found  in  another  solution  study  of  a  related  system,  Bisphenol  A  poly  formal 
(BPA-PF)  [24].  The  difference  in  activation  energy  for  the  above  two  proces¬ 
ses  in  BPA-PF  is  smaller  but  still  significant.  The  single  transitions  are  minor 
processes  in  both  the  polycarbonates  and  polyformals,  primarily  because  of 
the  larger  prefactor  as  opposed  to  a  larger  activation  energy. 

Phenylene  group  rotation  in  the  Chloral-PF  can  also  be  compared  to  that 
of  Chloral-PC.  Phenylene  group  rotation  in  Chloral-PF  is  a  factor  of  1.5  to 
2.0  slower  at  a  given  temperature  relative  to  Chloral-PC  but  the  activation 
energy  for  phenylene  group  rotation  in  both  polymers  are  quite  similar  [5] . 
This  suggests  that  phenylene  group  rotation  is  dominated  by  the  local  poten¬ 
tial  energy  surface  and  is  not  greatly  affected  by  the  change  from  a  formal  link 
to  a  carbonate  link.  The  phenylene  group  rotation  in  solution  is  best  modeled 
by  stochastic  diffusion  while  it  is  modeled  by  n  flips  in  glassy  polycarbonates 
[20,  25,  26].  Calculations  by  Tonelli  [27]  suggest  a  low  barrier  to  phenylene 
group  reaction  for  an  isolated  polycarbonate  chain.  MNDO  calculations  on 
the  dichloroethylene  unit  indicate  a  high  barrier,  42  kJ  mor',  to  phenylene 
group  rotation  [28].  The  discrepancy  between  these  solution  results  and  the 
calculation  is  not  resolved  but  the  similarity  of  the  experimental  data  between 
the  Chloral  unit  and  the  Bisphenol  A  unit  is  indicative  of  comparable  mobility. 

The  best  simulation  for  formal  group  rotation  is  obtained  by  applying 
double  internal  rotations  about  the  C— O  bonds  while  not  allowing  these 
motions  to  contribute  to  phenylene  relaxation.  This  motion  is  described  as  a 
product  form  of  two  single  exponential  correlation  functions.  A  physical 
representation  of  formal  group  motion  that  is  consistent  with  the  simulation 
results,  particularly  the  lack  of  influence  on  the  phenylene  group,  is  a  chal¬ 
lenging  task.  The  conformational  states  of  the  formal  group  are  not  known 
with  certainty  but  can  be  inferred  from  similar  small-molecule  structures  and 
for  this  purpose  the  conformational  energy  map  of  dimethoxymethane  is 
important  (29,  30].  The  lowest  conformational  states  of  the  formal  group 
in  dimethoxymethane  are  gg  and  g'g.  This  unusual  situation  relative  to  poly- 


ethylene  chains  is  commonly  called  the  anomeric  effect  [31,  32].  Corres¬ 
ponding  to  each  of  these  conformations,  there  are  two  conformations  which 
are  only  4  kJ  higher  in  energy.  The  tg'  and  gt  conformations  are  energetically 
near  the  gg'  conformation  while  the  tg  and  gt  conformations  are  energeti¬ 
cally  near  the  gg  conformation.  The  gg ,  gg  and  tt  states  are  higher  in 
energy.  Because  of  the  similarity  of  conformational  changes  for  gg  and  gg 
and  for  simplicity,  only  thegg'  case  is  illustrated.  The  most  facile  conforma¬ 
tional  changes  from  the  lowest  states  can  be  represented  by 

gg' *  {tg')*  tg  (16) 

gg’  *  (gt)*  g't  (17) 

These  conformational  changes  can  be  applied  to  the  formal  groups  of 
polymer  chain.  Figure  4  illustrates  local  formal  group  motion  resulting  from 
conformational  state  changes  in  a  repeat  unit.  The  lowest  conformational 
state  is  gg'  as  shown  in  Fig.  4(1).  In  Eqn.  16,  gg'  undergoes  trans— gauche 
rotation  to  form  tg  in  Fig.  4(2).  This  simple  trans— gauche  isomerization 
leads  to  rotation  of  the  chain  end  but  this  dislocation  can  be  avoided  by 
allowing  a  second  reorientation,  tg'  to  tg.  Here  the  chain  end  is  translated 
but  not  reorientated  which  corresponds  to  a  Heifand  Type  II  motion  [21], 


Fig.  4.  Likely  conformational  transition*  of  the  formal  group.  The  motional  process 
associated  with  Eqn.  16  is  shown  (see  text)  with  arrows  indicating  the  rotations  of  the 
conformational  changes  from  (1)  to  (3).  The  overall  conformational  process  is  gg  to  tg 
with  the  intermediate  state  of  tg'  shown  only  to  indicate  the  two  conformational  changes 
involved  in  the  overall  process.  The  intermediate  state,  tg' ,  is  an  unlikely  transition  state 
because  it  involves  a  large  rotation  of  the  chain  end  and  some  other  pathway  avoiding  the 
tg'  intermediate  is  likely.  Nevertheless,  the  conformation*  of  two  bonds  change,  which  is 
the  point  made  by  the  inclusion  of  the  tg'  state.  The  proton/proton  dipolar  interaction  of 
the  phenylene  group  is  only  translated  and  not  reoriented.  This  is  a  Heifand  Type  II 
motion  thought  to  be  a  generally  plausible  form  of  segmental  motion  [21 ). 
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Thus  the  net  conformational  change  is  gg'  to  tg  but  for  calculational  pur¬ 
poses,  it  can  be  produced  in  two  steps:  gg'  to  tg'  and  then  tg’  to  tg.  However, 
the  state  tg'  is  not  proposed  as  a  real  intermediate  but  rather  as  calculational 
intermediate.  The  process,  gg  to  tg,  is  not  observed  in  the  computer  simula¬ 
tions  of  Heifand  which  were  used  to  verify  the  importance  of  Type  II 
processes.  This  gg'  conformation  is  rare  in  an  alkane  backbone  but  important 
in  polyethers  such  as  polymethylene  oxide  where  the  dynamic  process  gg'  to 
tg  could  be  quite  significant. 

Returning  to  the  aromatic  polyformal  of  this  study,  the  motion  proposed 
in  Fig.  4  does  not  reorientate  the  proton/proton  interaction  in  the  phenylene 
group  and  thus  this  formal  motion  will  not  cause  phenylene  group  relaxation, 
which  is  consistent  with  experimental  results.  An  exactly  analogous  process 
involving  the  other  C— O  bond  can  occur  as  noted  in  Eqn.  17.  In  this  case, 
gg'  undergoes  two  120°  bond  rotations  to  form  g't.  If  one  combines  both 
processes  in  Eqns.  16  and  17,  there  are  two  possible  isomerization  mech¬ 
anisms  to  cause  reorientation  in  a  formal  group.  This  picture  is  consistent 
with  the  mathematical  interpretation  of  double  trans— gauche  rotations  on 
the  formal  group  developed  in  the  context  of  the  Szabo  formulae. 

Because  the  formal  group  motion  may  be  coupled  with  other  formal 
groups  across  the  bisphenol  group  and  undergo  cooperative  transitions,  the 
orientation  correlation  function  describing  these  cooperative  transitions  was 
examined.  In  general,  these  correlation  functions  are  not  exponential  [33]. 
Heifand  derived  the  orientation  correlation  function  given  in  Eqn.  2,  which 
includes  a  Bessel  function  to  describe  cooperative  transitions.  This  correla¬ 
tion  function  has  been  applied  in  the  present  treatment  of  formal  group 
motion  in  place  of  a  single -exponential  function.  However,  this  correlation 
function  does  not  simulate  the  data  throughout  the  entire  temperature  and 
frequency  range,  which  is  not  surprising  because  a  distribution  of  correlation 
times  would  increase  the  breadth  of  the  T i  minimum  whereas  the  experi¬ 
mental  T,  curves  are  quite  narrow.  Other  types  of  correlation  functions  cor¬ 
responding  to  crankshaft  and  the  three-bond-jump  motion  also  involve  a  dis¬ 
tribution  of  correlation  times  and  would  similarly  increase  the  breadth  of  the 
T,  minimum.  Skinner  and  Budimir  [34]  have  presented  a  treatment  of  co¬ 
operative  sequential  motions  which  leads  to  a  single  exponential  form  but 
no  simple  identification  was  found  between  the  Skinner  treatment  and  the 
polyformal  conformational  transitions. 

The  interpretation  described  here  has  been  successfully  tested  by  another 
solution  Tt  study  of  BPA-PF  which  includes  data  as  a  function  of  field,  tem¬ 
perature  and  concentration  [24] . 

The  trans— gauche  isomerization  in  Chloral-PF  is  also  under  study  in  the 
glassy  state  by  solid-state  deuterium  n.m.r.  experiments;  the  simulation  of 
these  experimental  results  are  still  in  progress.  It  would  be  interesting  to 
know  whether  the  local  chain  dynamics  model  proposed  here  for  formal  and 
phenylene  group  internal  rotation  still  persists  in  the  glassy  state.  Recently, 
Jones  [35]  proposed  a  model  for  the  chain  dynamics  of  polycarbonates  which 
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involves  trans— cis  conformational  changes  of  the  carbonate  unit.  The  poly¬ 
carbonate  chain  is  mainly  composed  of  trans— trans  carbonate  units  with  oc¬ 
casional  cis— trans  or  trans— cis  carbonate  units.  The  phenylene  rings  undergo 
flips  in  association  with  the  C— O  bond  rotations.  The  neighboring  carbonate 
would  undergo  counter-rotation  from  the  trans— cis  state  to  the  trans— trans 
state.  The  Ct—C4  axes  of  the  phenylene  rings  between  these  two  rotating 
carbonate  units  only  reorient  by  11°  or  less.  Over  a  period  of  time,  all 
phenylene  rings  would  be  flipped  as  the  cis-  trans  and  trans— cis  conforma¬ 
tions  diffuse  along  the  chain.  This  dynamic  model  is  somewhat  different 
than  the  formal  group  model  discussed  above  though  they  are  related.  In  the 
formal  motional  description,  there  is  no  cooperative  reorientation  of  a  neigh¬ 
boring  formal  unit  which  could  compensate  the  translational  motion  whereas 
such  a  compensatory  process  is  proposed  in  glassy  polycarbonates.  The  results 
of  relaxation  studies  on  glassy  polyformal  will  help  sharpen  the  similarities 
and  differences  between  the  two  systems. 

The  ability  of  multinuclear,  multifrequency  n.m.r.  to  distinguish  complex 
dynamic  possibilities  existing  in  high-molecular-weight  polymer  solutions  is 
encouraging  and  suggests  that  n.m.r.  with  its  ability  to  probe  different  atomic 
sites  in  the  repeat  unit  and  differing  motional  timescales  offers  real  potential 
for  testing  the  various  chain  dynamic  models  based  on  repeat  unit  structure 
and  conformation. 
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Introduction 


Nuclear  magnetic  resonance  provides  a  new  tool  for  characterizing  chain 
dynamics  in  bulk  polymers.  It  complements  other  experimental  approaches, 
such  as  dielectric  and  dynamic  mechanical  response,  with  the  advantage  of 
greater  structural  specificity  versus  these  more  traditional  approaches.  Nuclear 
magnetic  resonance  can  probe  motion  at  several  places  in  a  repeat  unit  by 
utilizing  either  one  or  several  experiments.  Carbon- 1 3  experiments  often  can 
probe  several  sites1  simultaneously,  whereas  systems  labeled  with  either 
carbon-132  or  deuterium3,4  (see  Chapter  10)  probe  only  one  site  per  labeled 
polymer.  Even  proton  spectroscopy  can  be  used  to  probe  specific  sites  under 
favorable  circumstances.2,5,6 

If  the  goal  is  to  develop  a  repeat-unit-level  characterization  of  local  motion, 
certain  aspects  of  the  motion  must  be  defined.  Arbitrarily,  one  can  start  with 
the  geometry  of  the  motion.  Is  it  isotropic?  If  not.  is  there  an  axis  of  aniso¬ 
tropic  rotation?  Docs  the  motion  take  place  by  largc-anglc  jumps  between 
well-defined  minima  or  does  it  take  place  by  stochastic  diffusion  over  a  rela¬ 
tively  flat  potential  surface?  If  the  motion  is  anisotropic,  is  it  restricted  in 
angular  amplitude  at  low  temperatures,  becoming  a  complete  anisotropic  rota¬ 
tion  about  a  given  axis  at  higher  temperatures? 

A  second  aspect  of  the  motion  to  be  characterized  is  time  scale.  In  the  time 
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domain  this  is  best  summarized  by  a  correlation  function  and  in  the  frequency 
domain  by  a  spectral  density.  In  this  regard,  polymer  motions  arc  often 
complex,  with  two  general  factors  contributing  to  this  complexity.  First, 
motions  taking  place  in  an  isolated  polymer  backbone  are  complex  relative  to 
small  molecules  because  of  the  nature  of  a  chain  system.  Conformational 
changes,  such  as  conformational  exchange  in  a  chain  molecule,  lead  to  Bessel 
function  correlation  functions7-8  as  opposed  to  an  exponential  correlation 
function  for  rotational  diffusion  in  a  small  molecule.  The  second  factor  leading 
to  complexity  in  solid  polymers  is  intcrmolecular  interactions.  In  bulk  poly¬ 
mers,  especially  glasses,9  1 1  these  interactions  can  lead  to  correlation  functions 
characterized  in  terms  of  very  broad  distributions  of  exponential  correlation 
times. 

Another  aspect  of  the  motion  is  the  temperature  dependence  or  energetics. 
As  just  mentioned,  the  amplitude  of  various  motions  can  change  with  tem¬ 
perature,  although  more  commonly  one  thinks  of  changes  in  the  time  scale.12 
The  time  scale  of  a  given  motion  is  often  found  to  have  an  Arrhenius  depen¬ 
dence  on  temperature;  and  therefore  this  dependence  can  be  summarized  con¬ 
veniently  by  an  apparent  activation  energy. 

A  last  issue  is  often  extremely  important  to  the  materials  scientist  studying 
chain  dynamics.  After  motions  are  detected  and  characterized  by  NMR,  a 
relationship  to  the  results  of  other  dynamics  experiments  is  sought  as  well  as  a 
relationship  to  material  properties.  For  instance,  the  glass  transition  is  an 
important  concept  in  the  study  of  polymeric  solids.  This  transition  can  be 
observed  by  NMR13  and  the  influence  of  this  transition  on  local  motions  can 
be  observed  also  (see  Chapter  4).  In  the  end.  an  improved  understanding  of 
local  motion  above  and  below  the  glass  transition  can  serve  to  better  define 
the  nature  of  the  glass  transition  itself. 


Experimental  Techniques  for  Characterizing 
Local  Motions 

Spin-Lattice  Relaxation 

Spin-lattice  relaxation  measurements  have  been  used  widely  to  characterize 
chain  dynamics  in  solution14  and  the  same  general  approach  can  be  extended 
to  bulk  polymers,*  although  some  more  difficulties  are  encountered.  Several 
points  should  be  considered  in  designing  a  spin-lattice  relaxation  study. 

First,  each  spin-lattice  relaxation  time  samples  motion  at  one  frequency 
or  one  combination  of  frequencies.  In  a  pure  spin-lattice  measurement,  the 
frequencies  are  related  to  the  Larmor  frequencies  of  the  nuclei  involved.” 
If  spin-lattice  relaxation  in  the  rotating  frame  is  measured,  the  relevant 
frequency  is  given  by  the  magnitude  of  the  spin-lock  field”  (sec  Chapter  2). 
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To  vary  the  circumstances  of  the  experiment,  temperature  commonly  is  swept, 
which  changes  the  nature  of  the  motion  sampled  by  the  spin-lattice  relaxation 
experiment.  Whereas  temperature  variation  is  a  valuable  experimental  control, 
it  is  even  more  useful  to  vary  the  frequency  of  the  measurement.1'1'’  Here  a 
drawback  to  the  NMR  approach  is  encountered.  To  vary  frequency  in  a  spin 
lattice  relaxation  measurement,  the  magnetic  field  must  be  varied.  With 
common  commercial  instrumentation,  magnetic  fields  are  fixed  so  an  individ¬ 
ual  spectrometer  is  required  for  each  frequency.  Another  possible  approach  to 
varying  frequency  is  to  study  different  nuclei  such  as  protons  and  carbon  in 
the  same  polymer17  because  they  have  different  gyromagnctic  ratios  and  there¬ 
fore  different  Larmor  frequencies  at  the  same  field  strength.  For  spin-lattice 
relaxation  in  the  rotating  frame  the  spin-lock  field  can  be  varied,  but  frequent¬ 
ly  the  range  of  useful  variation  only  extends  over  a  factor  of  two  or  three. IS 
However,  relaxation  in  the  rotating  frame  nicely  complements  normal  spin- 
lattice  relaxation  because  the  former  is  in  the  kilohertz  region  and  the  latter  is 
in  the  megahertz  region. 

The  particular  experimental  approach  used  to  observe  spin-lattice  relax¬ 
ation  in  bulk  polymers  depends  on  the  state  of  the  polymer.  The  easiest  experi¬ 
mental  situation  to  study  is  a  rubber  at  a  temperature  somewhat  above  the 
glass  transition19  (see  Chapter  4).  Here  13C  spectra  can  be  obtained  with  low- 
power  or  scalar  proton  decoupling,  allowing  for  relaxation  studies  almost 
entirely  analogous  to  solution  studies.  The  presence  of  nearly  isotropic  seg¬ 
mental  motion12  removes  dipolar  couplings  and  chemical-shift  anisotropy, 
leaving  a  spectrum  comparable  to  a  dissolved  macromolecule.  A  standard 
measurement  of  spin-lattice  relaxation  time.  Tlt  by  a  18()-r-90  pulse  sequence 
as  a  function  of  temperature  and  Larmor  frequency  should  be  sufficient  to 
characterize  local  motion  in  a  rubber. 

In  a  glassy  polymer  at  least  two  general  types  of  experimental  approaches 
may  be  employed.  The  first  is  wide-line  relaxation  studies.  Here  the  best 
system  is  one  where  only  one  nucleus  contributes  to  the  spectrum  because  the 
presence  of  several  nuclei  leads  to  signal  overlap.  One  therefore  must  first 
select  a  polymer  system  where  only  one  chemical  position  contributes  to  the 
spectrum,  and  this  is  usually  achieved  through  labeling,  although  occasionally 
a  judicious  choice  provides  an  appropriate  case.6  In  typical  wide-line  relax¬ 
ation  studies,  the  lineshape  is  governed  by  the  orientation  of  the  molecule 
relative  to  the  externally  applied  field.  The  sources  of  this  orientation  depen¬ 
dence  may  be  dipolar  coupling,  quadrupolc  coupling,  or  chemical-shift  aniso¬ 
tropy.  In  proton  dipolar  studies,  relaxation  of  all  points  in  a  lineshape  are 
equal  because  of  spin  diffusion  (homogeneous  broadening).6  However  for  deu¬ 
terium  quadrupoiar  and  ,3C  chemical  shift  anisotropy  cases,  relaxation  of  the 
lineshape  changes  across  the  lineshape  and  can  depend  on  the  orientation  of 
the  molecule  relative  to  the  externally  applied  field  (heterogeneous 
broadening).  Exploitation  of  this  latter  situation  has  just  begun. 

High-resolution  13C  spectra  can  be  obtained  in  glassy  polymers  through  a 
combination  of  cross-polarization,  high-power  dipolar  decoupling  and  magic 
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angle  spinning1  (see  Chapters  2  and  3).  The  resulting  spectra  are  almost  com¬ 
parable  to  liquid  spectra  in  resolution,  so  studies  of  unlabcled  systems  in 
natural  abundance  are  straightforward.  Both  spin-lattice  relaxation  and  spin- 
lattice  relaxation  in  the  rotating  frame  can  be  observed.  However  several  com¬ 
plicating  factors  are  often  present.  The  return  of  the  magnetization  to 
equilibrium  is  often  nonexponential.  Several  possible  sources  of  the  non¬ 
exponential  behavior  have  been  proposed,  including  a  distribution  of  correla¬ 
tion  times1  and  spin-spin  relaxation  contributions.18'20  In  any  case.  ,3C 
relaxation  times  in  glassy  solids  have  not  been  susceptible  to  quantitative 
interpretation  with  a  correlation  function  comparable  to  the  interpretations 
developed  for  relaxation  of  dissolved  polymers.  Qualitative  interpretations  and 
comparisons  of  mobility  between  polymers  is  possible  and  has  proved  most 
useful  in  a  number  of  cases.1 

In  any  application  of  the  spin-lattice  relaxation  approach,  the  information 
generated  primarily  reflects  the  time  scale  of  the  motion.  Some  information 
about  the  geometry  of  the  motion  can  be  determined  by  performing  spin- 
lattice  relaxation  experiments  at  several  positions  in  the  repeat  unit.17  Some 
information  about  the  amplitude  of  anisotropic  restricted  rotation  can  be 
ascertained  also.21  However,  in  solid  polymers  the  best  information  about  the 
geometry  of  local  motions  comes  from  the  study  of  lineshape. 

Lineshape 

Examination  of  lineshape  and  linewidth  also  provides  insight  into  chain 
dynamics.  Following  the  analogy  to  solution  studies,  one  might  consider 
employing  the  spin-spin  relaxation  time,  T2 ,  as  a  source  of  information.  In  the 
rubbery  state,  T2  can  be  determined  from  the  linewidth  but  careful  exami¬ 
nation  by  several  authors  shows  this  relaxation  effect  to  be  dominated  by 
long-range  motions  and  not  by  local  motion.12-22  23  This  situation  is  also  true 
for  concentrated  solutions  and  interpretations  based  on  motions,  such  as  the 
Rouse-Zimm  modes  and  reptation,  have  been  proposed.24  The  validity  of 
these  interpretations  has  been  challenged12  but  it  is  clear  that  linewidths  or 
other  measures  of  spin-spin  relaxation  are  not  sources  of  information  about 
local  chain  dynamics.  This  view  is  presented  here  in  spite  of  early  work  by  this 
author25  and  others19  attempting  to  use  spin-spin  relaxation  as  a  source  of 
information  on  local  chain  dynamics  in  rubbers. 

In  glassy  polymers  under  conditions  of  magic  angle  spinning  and  dipolar 
decoupling,  l3C  linewidths  are  also  not  a  function  of  local  motions.  Here  the 
linewidth  results  from  isotropic  chemical-shift  heterogeneity,  which  reflects  the 
heterogeneity  of  the  glass  itself.1  In  cases  where  chemical  exchange  occurs, 
local  chain  dynamics  can  be  studied  in  a  manner  comparable  to  chemical 
exchange  in  small,  dissolved  molecules.26  The  major  difference  between  the 
glassy  polymer  and  the  small  molecule  in  solution  is  again  in  the  complexity  of 
the  correlation  function  reflecting  the  strong  intermolecular  interactions  in  the 
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glass.  High-resolution  lineshape  studies  on  phenomena  loosely  categorized  as 
chemical  exchange  yield  primarily  information  about  the  time  scale  of  the 
chain  dynamics,  although  some  inferences  about  geometry  can  be  drawn  by 
considering  the  observed  lineshape  changes. 

The  best  information  about  the  geometry  of  motions  below  the  glass  tran¬ 
sition  comes  from  wide-line  NMR.  Until  recently  the  only  wide-line  spectra 
commonly  obtained  were  those  of  proton  and  fluorine  nuclei.  Proton  spectra 
of  glassy  solids  are  always  dominated  by  dipolar  interactions.  The  presence  of 
this  strong  coupling  in  addition  to  a  very  limited  chemical-shift  range  yields 
spectra  with  extensive  overlap  of  resonances  from  chemically  distinct  points  in 
the  repeat  unit.  Under  such  circumstances,  very  little  geometric  information  is 
available.  In  certain  cases  only  one  type  of  proton  is  present  in  a  repeat  unit 
and  then  geometric  information  can  be  extracted.2,5  Fluorine  spectra  also  are 
dominated  by  dipolar  interactions  in  the  solid  state,  but  the  chemical-shift 
anisotropy  is  large  and  can  be  observed  more  easily  under  coherent  averaging 
conditions27. 

Major  advances  in  solid-state  l3C2,28  and  deuterium3,4  spectroscopy  have 
made  detailed  geometric  information  available.  Depending  on  the  experimen¬ 
tal  approach,  the  lineshape  reflects  either  chemical-shift  anisotropy,2  quadru¬ 
ple,3,4  or  dipolar  interactions.2,5  Whatever  the  interaction,  the  observed 
lineshape  depends  on  the  orientation  of  the  repeat  unit  with  the  externally 
applied  field.  If  molecular  motion  is  present,  orientations  are  exchanged  and 
the  lineshape  becomes  partially  averaged  when  the  motion  becomes  rapid  with 
respect  to  the  frequency  separation  between  the  points  in  the  lineshape  under 
exchange.29  Lineshape  changes  are  very  distinctive  and  provide  a  fairly  deci¬ 
sive  test  of  various  motional  possibilities. 

The  time  scale  of  the  motion  also  can  be  examined  when  the  rate  of  the 
motion  is  comparable  to  the  frequency  of  the  lineshape.30  The  analysis  of  the 
lineshape  is  quite  comparable  to  the  analysis  of  chemical  exchange  in  high- 
resolution  spectra  of  dissolved  molecules.  The  major  differences  are  the  sum¬ 
mation  over  all  orientations  present  in  the  glassy  state  and  the  possible 
complexity  of  the  correlation  function  from  strong  intermolecular  interactions. 
Only  a  restricted  range  of  frequency  is  accessible  in  a  lineshape  experiment, 
which  limits  the  ability  of  this  approach  to  characterize  a  complex  correlation 
function.  The  lineshape  studies  can  be  performed  in  conjunction  with  spin- 
lattice  relaxation  measurements  to  extend  the  sampling  in  the  frequency 
domain.31 

Another  method  for  extending  the  range  in  time  or  frequency  of  lineshape 
studies  is  to  employ  the  Jeener-Brockaert  pulse  sequence.3  This  method  has 
yet  to  be  applied  fully  to  a  polymer  glass  because  the  analysis  of  the  raw  data 
requires  a  knowledge  of  the  correlation  function.  Currently,  correlation  func¬ 
tions  for  motions  in  glassy  polymers  are  not  readily  available  or  even  known 
to  be  of  a  particular  form.  This  general  approach  will  no  doubt  be  more  useful 
as  the  understanding  of  local  chain  dynamics  in  bulk  polymers  grows. 
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Polycarbonates  as  an  Example 


The  chain  dynamics  of  the  polycarbonate  of  bisphcnol  A  (BPA)  has  been 
studied  widely  by  solid-state  NMR.1J,i  s  The  polymer  itself  is  a  commercially 
successful  engineering  plastic,  highly  touted  for  impact  resistance.  This 
polymer  is  also  known  to  be  very  mobile  below  the  glass  transition  and  this 
mobility  often  is  associated  with  the  property  of  impact  resistance.32,33  Many 
traditional  dynamic  studies  have  been  performed  on  BPA,  but  until  the  recent 
NMR  work  a  repeat-unit-level  understanding  of  the  motions  was  not  agreed 
upon.  Even  now  some  aspects  of  the  motion  are  under  review,  although  a 
reasonable  consensus  exists  about  other  aspects. 

Isolated  Chain  Studies 

It  is  easier  to  consider  local  chain  motion  for  a  single  polymer  backbone, 
both  experimentally  and  theoretically.  In  the  isolated  chain,  intermolecular 
effects  are  absent  and  these  effects  can  dominate  some  aspects  of  motional 
properties  in  the  glass.  On  the  other  hand,  a  characterization  of  the  motions  in 
an  isolated  chain  is  still  helpful  in  understanding  motion  in  the  bulk  polymer. 
If  a  specific  local  conformational  process  is  not  possible  in  a  chain  in  the 
absence  of  intermolecular  interactions,  it  is  not  likely  to  occur  in  the  presence 
of  such  additional  contributions,  which  increase  the  barriers  restricting 
motion.  It  seems  more  reasonable  to  find  which  motions  are  possible  in  the 
absence  of  large  intermolecular  interactions  and  then  see  how  these  motions 
are  altered  when  the  interactions  are  present. 

Following  this  line  of  thought,  dilute  solution  spin-lattice  relaxation  studies 
can  be  employed  effectively  to  characterize  local  chain  motion  in  a  situation 
where  intermolecular  contributions  are  relatively  small.  High-resolution 
proton  and  l3C  relaxation  studies  have  been  performed  on  dissolved  BPA 
polycarbonate  and  a  number  of  related  polymers.17,21,34,33  Figure  7-1  shows 
the  repeat  units  of  the  polycarbonates  studied  to  date. 

In  the  most  recent  solution  studies,21,35  proton-relaxation  measurements 
are  conducted  at  at  least  two  field  strengths  and  frequently  partially  deuter- 
ated  forms  are  employed  to  reduce  dipole-dipole  interactions  among  protons 
in  different  chemical  environments  in  the  repeat  unit.  Two  partially  deuterated 
repeat  units  employed  are  shown  in  Figure  7-2.  The  proton  spin-lattice  relax¬ 
ation  time  can  be  written  in  terms  of  the  spectral  density,  J,  the  intcrnuclear 
distance,  r,  and  constants  yH  and  h  as  follows : 

1/T ,  =  £  (9/8b#i2r6[(2/15)J  ,(<->„)  +  (8/I5)J2(2wM)]  (7-1) 

j 

Here  coH  is  the  proton  Larmor  frequency.  If  partially  deuterated  forms  are 
employed,  the  relevant  distances  in  this  equation  usually  are  known  to  within 
a  few  hundredths  of  an  Angstrom. 
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Figure  7-1.  Structures  of  the  repeat  units  and  abbreviations  for  the  polycarbonates  and 
polycarbonate  analogs. 
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Figure  7-2.  Structures  of  the  repeat  units  of  partially  deuterated  polymers  used  in 
proton  relaxation  studies. 


To  obtain  data  at  other  frequencies  and  with  different  geometric  orienta¬ 
tions  in  the  repeat  unit,  13C  spin-lattice  relaxation  times  usually  are  measured 
as  well.  Only  carbons  with  directly  bonded  protons  are  measured  because  the 
relaxation  mechanism  is  usually  dipole-dipole  relaxation  and  known  carbon 
proton  internudear  distances  are  required  (see  Chapter  4).  Again,  measure¬ 
ments  are  performed  at  several  frequencies  to  obtain  a  data  base  capable  of 
supporting  an  informative  analysis.  The  equation  relating  the  spin-lattice 
relaxation  time  to  the  spectral  density  for  13C  is: 

1/T,  =  W0  +  2W1C  +  W2  (7-2) 

where 

W0  =  I  rbf,r>2Jo«>j0)/20r? 

i 

WIC  =  l3>^f,2J1(wc)/40rJ6 

j 

W2  =  I  3y|y£/»2J2(w2)/10r? 

j 

O>0  =  0JH  —  OJc  ,  0) 2  =  OJH  +  OJc 

The  dynamic  information  is  contained  in  the  spectral  densities  and  differ¬ 
ences  among  the  spectral  densities  at  different  points  in  the  repeat  unit.  In 
dilute  solution,  local  chain  motions  have  been  divided  generally  between  seg¬ 
mental  motions  and  anisotropic  rotation  of  functional  groups.25  Segmental 
motions  correspond  to  changes  of  direction  of  backbone  bonds.  These 
motions  are  thought  to  involve  one  or  several  backbone  units  but  not  long 
portions  of  the  chain.  Hall  and  Helfand1  have  developed  a  correlation  func¬ 
tion  for  segmental  motion  based  on  observations  made  during  computer  simu¬ 
lations  of  segmental  motion  in  polyethylene.  Two  subclasses  of  segmental 
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motion  are  observed.  First,  there  are  conformational  changes  produced  by 
rotation  about  a  single  backbone  bond.  This  process  is  described  by  a  single 
exponential  correlation  time,  r0.  The  second  process  is  correlated  motions 
where  a  second  rotation  about  a  backbone  bond  is  observed  to  follow  a  lirst 
rotation  closely  in  time.  The  second  rotation  compensates  for  distortion  of  the 
backbone  produced  by  the  first  conformational  event.  Relaxation  caused  by 
this  correlated  motion  is  characterized  by  a  Bessel  function  of  order  zero  (l0) 
with  a  time  constant  t,.  The  Bessel  function  is  a  standard  solution  for  one¬ 
dimensional  diffusion  problems.36  The  complete  Hall-Hclfand  correlation 
function  is  written : 


<t>(t)  =  exp  ( —  t/r0)  exp  (  — t/r,)I0(t/T,)  (7-3) 

which  may  be  Fourier  transformed  to  yield  the  spectral  density: 

J(co)  =  2{[(to  'X*o  '  +  2tf  *)  -  <o2]2  +  [2(t0‘  1  +  tr‘)w]2}',/4 

x  cos  {1/2  arctan  2(tq  1  +  rf  *)w/[to  '(tq  1  +  2tf ')  -  o>2]]  (7-4) 

For  consideration  of  substituent  groups  attached  to  the  backbone,  the  Hall- 
Helfand  correlation  function  may  be  combined  with  anisotropic  internal  rota¬ 
tion,  as  originally  described  by  Woessner37  under  the  assumption  of 
independence  of  the  two  motions.  The  correlation  time  for  internal  rotation  of 
the  substituent  group  is  rir  and  the  geometry  of  the  motion  is  characterized  by 
the  angle  A  between  the  axis  of  internal  rotation  and  the  internuclear  inter¬ 
action.  The  complete  spectral  density  for  segmental  motion  and  internal  rota¬ 
tion  of  functional  groups  is : 

J(co)  =  AJ,(t0,  t„  oj)  +  BJb(rb0,  t„  ew)  +  CJc(rc0,  r„  «>)  (7-5) 

where 

A  =  (3  cos2  A  -  l)2/4 
B  =  3  (sin2  2A)/4 
C  =  3  (sin4  A)/4 

For  stochastic  diffusion: 

tbV  =  to 1  + 1 1 
Tco'  =  To'’  +  (Tir/4)-1 

For  a  threefold  jump: 

Tb"ol  =  Tc'o‘  =  To  1  +  Tj7  1 

The  form  of  J,,  Jb,  and  Jc  is  the  same  as  in  Eq.  (7-4)  with  r0  replaced  by  r0, 
Tbo.Tc0,  respectively. 

The  results  of  proton  and  ,3C  spin-lattice  relaxation  studies  on  poly¬ 
carbonates  can  be  summarized  in  terms  of  correlation  times  for  segmental 
motion,  methyl  group  rotation,  and  phenylene  group  rotation.17,21-34  35  The 
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time  scale  of  each  motion  can  be  separated  from  the  others  based  on  repeat 
unit  structure  and  the  orientation  of  the  dipole-dipole  interactions  in  the 
repeat  unit.  A  complete  discussion  of  the  analysis  is  presented  in  the  original 
work.17  Because  measurements  are  made  as  a  function  of  temperature,  the 
temperature  dependence  of  the  correlation  times  is  usually  expressed  in  terms 
of  the  Arrhenius  equation.  Table  7-1  lists  the  activation  energies  and  pre¬ 
factors  for  the  polycarbonates  shown  in  Figure  7-1. 

The  uncertainty  in  the  activation  energies  is  usually  about  5  kJ  mol, 
although  the  measurements  made  in  the  solvent  C2D2CI4  are  more  accurate 
than  the  measurements  made  in  CDCI3.  A  larger  frequency  base  was 
employed  in  the  C2D2C14  study,  as  well  as  partially  deuterated  forms  to 
reduce  cross  relaxation.  Also,  the  CDCI3  studies  were  interpreted  with  an 
earlier  segmental  motion  model  and  the  outcome  of  that  analysis  has  been 
approximately  converted  to  the  Hall-Helfand  approach  using  a  published  con¬ 
version  factor.36 

In  solution,  BPA  is  found  to  be  a  rather  mobile  chain,  especially  considering 
the  complexity  of  the  repeat  unit.  Segmental  motion  is  dominated  by  coopera¬ 
tive  backbone  motions  as  opposed  to  single  backbone  bond  reorientations.3 5 
Phenylene  group  rotation  is  rapid  and  rather  similar  to  the  cooperative  back¬ 
bone  motions  in  time  scale.  This  similarity  persists  as  concentration  is  raised 
from  5  to  30%.  Methyl  group  rotation  is  also  facile,  although  it  is  not  coin¬ 
cident  with  the  time  scale  of  cooperative  segmental  motion  or  phenylene 
group  motion  as  concentration  is  raised  from  5  to  30%. 

The  chloral  polycarbonate  is  very  similar  to  BPA  polycarbonate  in  all 
regards35  except  that  it  contains  no  methyl  group.  The  polyformal.  structur¬ 
ally  analogous  to  the  chloral  polycarbonate,  has  similar  phenylene  group  rota¬ 
tion,  although  segmental  motions  are  different.21  In  polyformal.  the 
cooperative  segmental  motions  dominate  at  high  temperatures  and  the  single 
backbone  reorientations  dominate  at  low  temperatures. 

The  last  two  polycarbonates  listed,  CI2F4  and  CI4,  are  rather  different.  Seg¬ 
mental  motion  is  somewhat  slower  in  these  two  polymers  but  phenylene  group 
rotation  is  reduced  greatly.  Because  of  the  limited  data  base,  the  phenylene 
group  rotation  was  modeled  as  slow,  complete  anisotropic  rotation,  which 
yields  low  apparent  activation  energies  and  large  Arrhenius  prefactors.  A  more 
complete  study  and  simulation  might  well  have  shown  the  motion  to  be 
restricted  anisotropic  diffusion  or,  in  other  words,  an  incomplete  anistropic 
rotation.  In  any  case  phenylene  group  motion  is  either  reduced  in  amplitude 
or  slower  than  in  the  other  three  polymers  because  rather  little  additional 
motion  beyond  segmental  motion  is  indicated  by  the  1 3C  T,s. 

This  change  in  phenylene  group  motion  was  linked  empirically  to  the  low- 
tcmpcralurc  or  y  dynamic  mechanical  loss  peak.  The  first  three  polymers  all 
have  similar  dynamic  mechanical  spectra  below  the  glass  transition,  dominat¬ 
ed  by  the  presence  of  a  substantial  loss  peak  near  173  K..  All  three  of  these 
polymers  also  have  comparable  phenylene  group  rotation  in  solution.  In  the 
last  two  polymers,  the  y  relaxation  peak  is  shifted  to  much  higher  tern- 
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peratures  and  the  phenylene  group  rotation  in  solution  is  reduced  or  restricted 
greatly.  These  empirical  correlations  were  noted  and  phenylene  group  rotation 
was  linked  phenomenologically  to  the  low-temperature  loss  peak. 

These  dilute  solution  studies  on  BPA  show  the  intramolecular  harriers  to 
motion  to  be  quite  low:  15-25  kJ.  Theoretical  calculations  on  an  isolated  BPA 
chain  also  indicate  very  low  barriers  for  local  chain  motions.3* 33  38  For 
instance,  rotation  about  the  backbone  CO  bonds  is  found  to  be  10  kJ  by  one 
investigator38  and  12  kJ  by  another.32,33  Somewhat  higher  values  would  be 
found  in  solution  because  the  effects  of  solvent  viscosity  are  added  to  the  intra¬ 
molecular  barrier. 

Bulk  Relaxation  Measurements 

Solution  studies  and  theoretical  calculations  show  conformational  changes 
to  be  easy  in  isolated  polycarbonate  chains.  Also,  some  correlation  between 
phenylene  group  motion  and  the  low-temperature  loss  peak  is  indicated. 
However,  direct  measurement  of  relaxation  in  the  bulk  polymer  is  the  best 
way  to  delineate  further  the  nature  of  the  motions  below  the  glass  transition. 

Spin-lattice  relaxation  times  can  be  used  to  set  the  time  scale  of  the  motion 
in  the  bulk  polymer.  McCall  determined  the  proton  T,  and  T1()  on  BPA  poly¬ 
carbonate,  but  the  observed  relaxation  behavior  is  dominated  by  the  methyl 
protons  and  methyl  group  rotation.13  To  determine  motion  at  the  phenylene 
group,  proton  relaxation  times  were  measured  on  the  chloral  polycarbonate6 
shown  in  Figure  7-1.  The  dynamic  mechanical  spectrum39  and  the  solution 
relaxation  results  show  this  polymer  to  be  quite  similar  to  BPA  poly¬ 
carbonate.35  Because  it  contains  only  phenylene  protons,  the  proton  relax¬ 
ation  times  will  reflect  phenylene  group  motion.  Either  phenylene  group 
rotation  or  translation  modulates  intermoiecular  dipole-dipole  interactions  to 
produce  relaxation.  Figure  7-3  shows  the  proton  T,  at  20  and  90  MHz  as  well 
as  the  T,p  at  43  kHz. 

The  relaxation  measurements  at  all  three  frequencies  show  the  presence  of 
one  broad,  asymmetrical  minimum.  The  T,„  data  as  a  function  of  temperature 
show  the  shape  of  the  minimum  best  and  all  these  data  can  be  fitted  with  a 
correlation  function  in  a  fashion  similar  to  the  solution  data.  The  proton  T,s 
have  the  same  functional  form  as  shown  in  Eq.  (7-1);  in  solids,  however,  it  is 
traditional  to  write  the  equation  in  terms  of  the  second  moment,  S: 

l/T,  =  (2/3)y2S[J,(coH)  +  4JI(2a»„)]  (7-6) 

The  proton  T1((  can  be  written  in  a  similar  fashion,  but  here  the  relaxation 
depends  on  the  spectral  density  at  the  frequency  corresponding  to  the  strength 
of  the  radiofrequency  field,  coe,  as  well  as  the  Larmor  frequency,  <«„: 

I/T„  =  (2/3)yJS[1.5J,(2coe)  +  2.5J,(w„)  +  J2(2a>„)]  (7-7) 

As  before,  the  spectral  density  is  the  Fourier  transform  of  the  correlation 
function,  which  should  reflect  the  nature  of  the  local  motion  in  the  bulk 
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Figure  7-3.  Proton  spin-lattice  relaxation  time  and  spin-lattice  relaxation  time  in  the 
rotating  frame  versus  inverse  temperature  for  chloral  polycarbonate.  The  solid  line 
corresponds  to  a  fit  of  the  relaxation  data  with  a  Williams-Watts-Ngai  fractional  expo¬ 
nential  correlation  function.  Abscissa  is  in  K"1.  (Reprinted  with  permission  from 
Jones,  A.  A.;  O’Gara,  J.  F.;  Inglefield,  P.  T.;  Bendler,  J.  T.;  Yee,  A.  F.;  Ngai,  K.  L. 
Macromolecules  1983, 16,  658.  Copyright  1983,  American  Chemical  Society.) 


polymer.  Correlation  functions  of  the  type  used  in  solution  based  on  segmen¬ 
tal  motion  and  anisotropic  rotation  of  functional  groups  do  not  account  for 
the  data  in  Figure  7-3.®  A  variety  of  correlation  functions  was  tested,  but  the 
only  successful  one  was  the  Williams-Watts  fractional  exponential,"  com¬ 
monly  written: 


K w(t)  =  0(0)  exp  [~(t/r.w)A] 


(7-8) 
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Ngai910  has  proposed  an  explanation  of  the  occurrence  of  this  function  in 
glassy  materials  and  writes  the  correlation  function  in  the  form: 

4H0csm  =  CXP  C  — ft/Tp)1  "]  (7-9) 

where  0  <  n  <  1  and  the  loss  peak  frequency  is  located  at  ojp  x  rp  where 

rp  =  [(I  -n)e“E;T0]'"'--* 

The  model  yielding  this  correlation  function  is  based  on  a  correlated  states 
model;  hence  the  subscript  CSM.  The  symbol  u  designates  Euler  s  constant 
(0.5722).  The  two  key  parameters  used  to  fit  the  data  are  rp  and  n.  As  just 
shown,  rp  is  a  function  of  n,  the  cutoff  energy,  Ec,  and  the  microscopic  correla¬ 
tion  time,  t0 .  This  correlation  cannot  be  determined  from  a  fit  of  the  data  but 
the  activation  energy  for  the  microscopic  process,  EA,  can  be  determined  for 
the  apparent  activation  energy,  EJ,  according  to  the  equation: 

E*  =  E*/(l  —  n)  (7-10) 

In  practice  one  writes  the  correlation  time  rp  in  an  Arrhenius  form. 

rp  =  r*  exp  (EJ/RT)  (7-11) 

where 


r*  =  [(1  -  n)  exp  (nu)E;tT]''n 

The  parameters  E*,  r*  ,  and  n  are  varied  to  fit  the  data  as  a  function  of 
temperature.  Figure  7-3  shows  the  fit  of  the  CSM  model  to  the  T,  and  T,„ 
data  using  the  parameters  EA  =  10  kJ,  n  =  0.8,  and  t*  =  2.29  x  10  18  s.  The 
activation  energy,  EA,  corresponds  to  the  barrier  encountered  in  the  isolated 
chain  and  is  comparable  to  the  barriers  calculated  for  simple  rotations.1215  38 
The  apparent  activation  energy  EJ  is  much  higher  and  reflects  the  contribu¬ 
tion  to  the  barrier  height  from  intermolecular  interactions  encountered  in  the 
glass.  The  parameter  n  controls  the  effective  width  of  the  relaxation  process 
and  accounts  for  the  breadth  and  asymmetry  of  the  T,  and  TIp  minima.  The 
parameter  n  also  relates  EA  and  EJ  as  written  in  Eq.  (7- 10)  above. 

The  fit  of  the  data  argues  for  the  utility  of  the  fractional  exponential  correla¬ 
tion  function  but  it  is  also  worth  noting  the  realistic  value  obtained  for  EA . 
Also,  the  correlated  states  model  rationalizes  the  physically  unrealistic  value 
obtained  for  t*  because  it  is  not  simply  an  Arrhenius  prefactor  but  a  com¬ 
bination  of  several  parameters. 

Recently  a  comparable  proton-relaxation  study  has  been  completed  on  a 
partially  deuterated  form  of  BPA  where  the  methyl  protons  have  been 
replaced  with  deuterons.40  This  system  will  reflect  phenylene  group  motion 
just  as  chloral  did,  and,  indeed,  rather  similar  T,  and  T,„  data  were  obtained. 
With  a  summary  of  the  time  scale  of  the  motion  contained  in  the  Williams- 
Watts-Ngai  correlation  function  it  becomes  quite  interesting  to  consider  the 
geometry  of  the  motion. 
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First  it  is  important  to  consider  the  13C  T,((  reported  for  BPA  poly¬ 
carbonate.1  Although  these  relaxation  times  can  be  written  in  terms  of  the 
spectral  density  just  as  the  proton  times,  the  T1(J  decay  curves  cannot  be  char¬ 
acterized  by  a  single  time  constant.  The  decay  curves  reflect  the  presence  of  at 
least  two  time  constants  and  possibly  more.  In  addition,  there  may  be  some 
spin-spin  contributions  to  the  decay  curves  as  well.1 "  20  The  net  effect  of  these 
complications  is  enough  to  discourage  quantitative  data  fitting  comparable  to 
the  proton  interpretation.  The  13C  Tlps  indicate  the  presence  of  considerable 
local  chain  motion  in  agreement  with  the  proton  interpretation  and  with 
approximately  the  same  time  scale.  However,  the  ,3C  data  may  reflect  an 
inhomogeneous  distribution  of  correlation  times,26  yielding  the  observed  Tlp 
dispersions,  whereas  spin  diffusion  equalizes  the  proton  relaxation  data,  yield¬ 
ing  a  single  relaxation  time.  Another  source  of  the  dispersion  may  be  aniso¬ 
tropic  motion  leading  to  relaxation  dependent  on  orientation  in  a  glass.  In  any 
case,  an  analysis  of  the  13C  relaxation  data  in  terms  of  a  correlation  function  is 
not  yet  in  hand. 

Solid-State  Lineshape  Studies 

Proton  lineshape  measurements  provided  the  first  direct  information  on  the 
geometry  of  the  motion  of  the  phenylene  group.  To  obtain  significant  informa¬ 
tion,  the  chloral  polycarbonate  was  selected  for  the  first  proton  lineshape 
study  because  it  contains  only  one  type  of  proton,  phenylene  protons.5  There¬ 
fore  this  system  contains  geometrically  significant  information,  whereas  most 
proton  spectra  of  polymers  consist  of  overlapping  resonances  of  several  chemi¬ 
cal  types  of  protons  with  little  chance  of  extracting  information. 

Figure  7-4  shows  several  proton  spectra  observed  as  a  function  of  tem¬ 
perature  for  the  chloral  polycarbonate  as  well  as  a  frozen  solution  of  the 
chloral  polycarbonate.  At  low  temperatures,  the  spectra  arc  featureless  bell- 
shaped  curves  with  no  obvious  information  content.  At  about  193  K,  the  line 
narrows  and  at  a  temperature  of  273  K  the  lineshape  becomes  that  of  a  Pake 
doublet  with  substantial  broadening.  The  splitting  of  the  Pake  doublet  is  2.5  G 
which  corresponds  to  a  proton-proton  iniernuclcar  distance  of  2.6  A.  The  only 
intramolecular  interaction  comparable  to  this  is  between  the  2  and  3  protons 
on  the  phenylene  ring. 

As  temperature  is  raised  from  273  K  up  to  the  glass  transition,  the  line 
continues  to  narrow  gradually  but  the  Pake  doublet  persists  with  an 
undiminished  splitting.  These  observations  have  significant  implications  for 
the  motions  of  the  phenylene  group  in  polycarbonates.  The  substantial  line 
narrowing  shown  in  Figure  7-5  in  terms  of  the  decrease  of  the  second  moment 
of  the  proton  lineshape  as  the  temperature  is  raised  is  indicative  of  the  pre¬ 
sence  of  considerable  motion  in  the  glassy  polymer.  This  point  has  been  gener¬ 
ally  recognized.  However,  the  observation  of  the  Pake  doublet  and  the 
persistence  of  the  doublet  up  to  the  glass  transition  greatly  restricts  the 
motions  that  may  be  proposed  for  the  phenylene  group.  The  interaction 
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between  the  2,3  protons  of  the  phenylene  group  is  parallel  to  the  C,C4  axis  of 
the  phenylene  group.  This  axis  must  not  be  reoriented  substantially  if  the  Pake 
doublet  persists  as  temperature  is  raised  Considerable  motion  of  the  pheny- 
lene  group  must  be  present  because  intermolccular  dipole-dipole  interactions 
between  phenylene  groups  arc  averaged.  The  only  intramolecular  motion  con¬ 
sistent  with  averaging  of  intermolecular  interactions  while  preserving  the  Puke 
doublet  is  rotation  or  rotational  oscillation  about  the  C,C4  axis  of  the  pheny¬ 
lene  group.  While  proton  NMR  is  most  effective  at  locating  the  axis  about 
which  motion  must  be  occurring,  it  cannot  identify  the  exact  nature  of  the 


J 

/ 


/ 


Figure  7-4.  Solid-state  proton  lineshapes  as  a  function  of  temperature  for  chloral  poly¬ 
carbonate.  The  bottom  spectrum  is  for  a  15  wt%  frozen  solution  of  the  polymer  in 
C2D2CI4.  (Reprinted  with  permission  from  Inglefield.  P  T  ;  Jones.  A  A.:  Lubianez,  R. 
P.;  O’Gara,  J.  F.  Macromolecules  1981,  14,  288.  Copyright  1981.  American  Chemical 
Society.) 
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Figure  7-5.  Proton  second  moment  versus  temperature  for  the  chloral  polycarbonate. 
The  solid  line  is  a  fit  of  the  second  moment  data  using  the  same  parameters  used  to 
account  for  spin-lattice  relaxation  shown  in  Figure  7-3.  (Reprinted  with  permission 
from  Jones,  A.  A.;  O’Gara,  J.  F.;  Inglefield,  P.  T.;  Bendler,  J.  T.;  Yee.  A.  F.;  Ngai,  K.  L. 
Macromolecules  1983,  16,  658.  Copyright  1983,  American  Chemical  Society.) 

motion  about  the  axis  because  the  motion  does  not  affect  the  predominant 
intramolecular  interaction  contributing  to  the  proton  lineshape. 

The  change  in  proton  second  moment,  S,  from  the  rigid  lattice  value,  SRL, 
can  be  written  in  terms  of  the  spectral  density  just  as  the  spin-lattice  relax¬ 
ation  time  was  earlier  [Eq.  (7-6)3.® 

r  +  Sv 

S/SRL  =  a  +  m  J0(i)  dv  (7-12) 

J  -  iv 

Here,  a  and  m  are  constants  and  the  integration  is  carried  out  over  the  fre¬ 
quency  range  of  the  absorption  line.  Because  a  correlation  function  has 
already  been  developed  to  characterize  the  time  scale  of  motions  contributing 
to  T,  and  T,„,  this  same  correlation  function  can  be  employed  to  predict  the 
change  in  proton  second  moment.  Figure  7-5  shows  this  prediction,  which 
leads  to  an  adequate  interpretation  of  the  second  moment  without  further 
adjustment  of  the  parameters  used  in  the  Williams-Watts-Ngai  correlation 
function. 
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Although  the  axis  of  motion  is  clear  from  the  proton  lineshape.  the  nature  of 
the  motion  about  this  axis  is  not  apparent.  Possibilities  include  free  rotation, 
restricted  rotation,  or  jumps  between  distinct  minima.  To  distinguish  between 
these  possibilities  additional  lineshape  studies  were  performed.  The  first  report 
came  from  Spicss3  and  employed  deuterium  spectroscopy.  Phenylene  protons 
were  replaced  with  deuterons  in  BPA  and  deuterium  wide-line  spectra  were 
reported  at  room  temperature  and  at  380  K.  The  spectra  were  simulated  by 
the  combination  of  two  motions:  jumps  between  two  minima  separated  by 
180°  and  restricted  rotation  over  an  rms  angular  amplitude  of  ±15  at  room 
temperature.  The  jumps  between  two  minima  separated  by  180  arc  referred  to 
as  n  flips  and  the  presence  of  this  motion  initially  was  disputed.  Because  the 
deuterium  quadrupular  interaction  is  axially  symmetrical,  the  high- 
temperature  spectra  given  by  Spiess  could  be  simulated  fairly  well  by  large- 
amplitude  restricted  rotation. 

A  second  lineshape  approach  confirmed  the  motion  as  n  flips  and  removed 
the  possibility  of  large-amplitude  oscillation  as  the  only  motion.2  31  A  13C 
labeled  BPA  polycarbonate  was  prepared  as  shown  in  Figure  7-6  with  90'!„  of 


BPA 


Figure  7-6.  Structure  of  the  ,3C-labeled  repeat  unit  for  BPA  polycarbonate.  The  aster¬ 
isks  indicate  the  position  labeled  to  a  level  of  more  than  90%. 


the  carbons  in  the  aromatic  ring  at  the  position  ortho  to  the  carbonate 
replaced  with  13C.  Carbon- 1 3  spectra  were  then  taken  under  conditions  of 
cross  polarization  and  dipolar  decoupling.  The  resulting  spectra  are  shown  in 
the  low-  and  high-temperature  limit  in  Figure  7-7.  There  is  a  pronounced 
change  in  the  lineshape  as  temperature  is  raised  from  113  to  393  K.  Also  the 
low-temperature  lineshape  shows  the  classical  asymmetric  chemical  shift 
anisotropy  pattern  (see  Figure  2-2C).  This  pattern  can  be  fit  with  the  Bloem- 
bergen  and  Rowland41  equation: 

l(<r;  cr,,,  <r22,  a33,  Acr)  =  j*  l°(cr  -  cr, ,,  cx22,  <r3,)Fd<;  (7-13) 

For  (Tjj  <>  a  <  <722: 

I  ai  i*  ff22 .  <7jj)  =  n  1  K(x)(<r ,  j  —  o)  (cx22  —  <ij j) 

and 


x  —  j  |  —  cr  22Ktr  —  <r  j  jl/tf^rr  —  <rj  jlffr , ,  —  cr)] 
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For  (t22  <  <t  <  <t , , 


I°(<r;  alu  (I22,  (T33)  =  rt''K(x)((T  -  ^33)"°  VM  -  *2 2)  0  5 

and 

X  =  (<T,,  -  <T)(<T22  -  <T  3  3 )/ [C  <T  -  IT  3  3 )( fT  j  ,  -  fT,,)] 

For  a  <  <ru,  and  <r  >  <r33 

[°(<r;  <tu,  ct22.  (T33)  =  0 

to  yield  the  three  values  of  the  shielding  tensor  in  the  principal  axis  system. 
In  all  cases 


r*i  2 

K.(x)  =  (1  -  x2  sin2  4'r1'2  d4* 


F  =  f(<r;  Aa)  =  1  /[!  +  (2cr/A<7|2] 


where  F  describes  the  Lorentzian  line  broadening  of  the  chemical-shift  disper¬ 
sion,  1°. 

The  principal  shielding  values  arc  u,,  =  17+1,  ff22  =  52  +  1,  and  <r,,  = 
175  ±  1  ppm  relative  to  liquid  CS2  scale.  Positive  values  are  upheld  in  the 
direction  of  increasing  shielding.  In  the  principal  axis  system,  the  shielding 
interaction  usually  is  written  as  a  diagonal  tensor. 


°I23  = 


0 


0  0  ■ 
*22  0 
0  *33 


(7-14) 


To  consider  the  effects  of  motion,  it  is  necessary  to  transform  the  shielding 
tensor  in  the  principal  axis  system  to  the  axis  system  of  the  molecular  motion. 
For  the  case  at  hand,  the  shielding  tensor  can  be  transformed  to  the  new 
coordinate  system  by  a  rotation  matrix  ft  defined  by  a  set  of  Euler  angles  s.  ft, 
and  y  using  the  convention  of  Rose.*2  The  angle  a  is  a  rotation  about  the 
original  z  axis,  ft  is  about  the  new  y  axis,  and  y  is  about  the  final  z  axis. 


R(afty)  = 


cos  a  cos  ft  cos  y 

—  sin  a  sin  y 

—  cos  <x  cos  ft  sin  y 

—  sin  a  cos  y 
cos  a  sin  ft 


sin  a  cos  ft  cos  y 
+  cos  a  sin  y 

—  sin  a  cos  ft  sin  y 
+  cos  a  cos  y 
sin  a  sin  ft 


—  sin  ft  cos  y 
sin  ft  sin  y 
cos  ft 


(7-15) 


The  effects  of  motion  on  the  shielding  tensor  in  the  motional  axis  system  are 
analogous  to  chemical  exchange.  Because  the  chemical  shift  experienced  by  a 


ftn  tes  unm> 
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l3C  nucleus  depends  on  the  orientation  of  the  phenylenc  group  relative  to  the 
field,  as  the  orientation  is  exchanged  by  molecular  motion  so  is  the  chemical 
shift.  The  main  complicating  factor  is  the  superposition  of  all  chemical  shifts 
for  all  orientations  corresponding  to  a  powder  lineshape. 

The  simplest  case  to  deal  with  is  rapid  chemical  exchange,  which  is  achieved 
at  high  temperatures.  For  the  data  taken  on  labeled  BPA  at  22.6  MHz,  the 
high-temperature  limit  for  n  flips  is  achieved  at  about  room  temperature.  The 
chemical-shift  anisotropy  (CSA)  pattern  observed  at  these  temperatures  can  be 
simulated  by  an  approach  outlined  by  Slotfeldt-Ellingsen  and  Resing.29  Here 
the  x  axis  of  the  molecular  motion  is  chosen  to  be  coincident  with  the  CtC4 
axis  of  the  phenylene  group  and  the  shielding  tensor  is  transformed  to  this  axis 
system  by  using  a  rotation  matrix  R(<5)  as  follows: 

<rt>1  =  R(<5)  •  o12J  R(<5)-‘  (7-16) 

where 

cos  S  —sin  6  0 

R(<5)  =  sin  <5  cos  <5  0 

.0  0  1. 

and  8  is  the  angle  between  x  and  y  axes  of  the  motion  system  and  the  x  and  y 

axes  of  the  principal  shielding  system.  With  the  shielding  tensor  in  the  molecu¬ 
lar  motional  axis  system,  various  possible  motions  about  the  C,C4  axis  can  be 
modeled.  Rotating  the  molecule  about  the  x  axis  by  an  angle  a  can  be  defined 
as  follows: 

<riri(*)«R(a)  tf,yI  -  R(a)-'  (7-17) 

where 

"l  0  0 

R(oc)  =  0  cos  i  —sin  a 

0  sin  a  cos  a 

Using  this  approach,  jumps  between  various  minima  can  be  modeled  by 
averaging  the  shift  experienced  in  each  of  the  minima.  For  n  flips,  the  shielding 
is  averaged  over  two  values  separated  by  a  1 80°  rotation  about  the  x  axis 
(a  =  180°). 

®fiiP  =  (l/2)Otri  +  <f,yi(a)]  (7-18) 

Another  possible  type  of  motion  about  the  x  axis  is  rapid  rotation  through 
all  angular  positions  in  a  specified  angular  range.  This  can  be  modeled  by 
averaging  over  a  in  the  equation: 

<«„.>*  =  <R(*)  •  •  RU)'1),  (7-19) 
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The  preceding  average  depends  on  the  potential  function  and  if  one  assumes  a 
square  well  with  walls  at  +  a/2  and  —a/2,  then  the  average  shift  is: 

<<*«,«>«  =  R(«)  •  ff.yi  •  R<*r  1  da/  da  (7-20) 

J-*/2  /  J  -  a/2 

These  examples  are  only  a  few  of  the  possibilities.  Calculated  chemical-shift 
anisotropy  lineshapes  are  compared  with  the  observed  high-temperature  limit 
in  Figure  7-7.  Neither  the  rr-flip  Hneshape  nor  restricted  rotation  can  simulate 
the  shape  individually.  The  re-flip  Hneshape  has  the  correct  general  shape  but  is 
too  broad.  The  restricted  rotation  Hneshape  does  not  even  approximately 
match  the  observed  shape  when  the  angular  amplitude  is  made  large,  so  this 
possibility  may  be  ruled  out.  Another  arbitrary  axis  inclined  at  70“  to  the 
CiC4  yields  a  Hneshape  close  to  the  observed  but  this  choice  of  axis  is  incon¬ 
sistent  with  the  solid-state  proton  spectrum  of  BPA-d5  shown  in  Figure  7-8.  A 
reasonably  good  simulation  of  the  observed  Hneshape  at  high  temperatures 
can  be  obtained  by  combining  n  flips  with  restricted  rotation  over  a  modest 


Figure  7-8.  Proton  dipolar  lineshapes  of  BPA-d*  in  perdeutero-BPA.  The  points  rep¬ 
resent  experimental  data  and  the  line  the  theoretical  simulations  in  the  high- 
temperature  limit  simulation.  The  lineshape  consists  of  a  Pake  doublet  plus  a  sharp  line 
from  a  small  percentage  of  protons  remaining  in  deuterated  sites.  (Reprinted  with  per¬ 
mission  from  Inglefield,  P.  T.;  Amici,  R.  M.;  O’Gara,  J.  F.;  Hung.  C.-C.;  Jones.  A  A. 
Macrumoleailes  1983,  16,  1552.  Copyright  1983,  American  Chemical  Society.) 


270 


ALAN  A.  JONES 


angular  amplitude.  The  simulated  spectrum  for  a  restricted  rotation  over  a 
range  of  +36"  in  addition  to  n  (lips  yields  a  lineshape  comparable  to  the 
observed  lineshape  at  393  K.. 

The  proton  and  l3C  lineshape  data  in  conjunction  with  the  deuterium  line- 
shape  results  specify  the  nature  of  the  geometry  of  the  motion  of  the  phcnylcne 
group.  Carbon-proton  dipolar  rotational  spin-echo  lineshape  experiments  (a 
technique  discussed  in  Chapters  2  and  3)  are  also  consistent  with  the  n  flips 
and  limited  restricted  rotation.43  With  the  geometry  of  the  motion  determined 
by  comparing  the  spectra  in  low-temperature  and  high-temperature  limits,  the 
rates  and  amplitudes  of  the  motions  can  then  be  considered. 

If  the  rate  of  motion  is  comparable  to  the  frequency  width  of  the  lineshape, 
a  more  elaborate  simulation  procedure  must  be  undertaken.  Equations  are 
available  for  multiple  site  exchange,  leading  to  the  collapse  of  CSA  line- 
shape.30  The  general  lineshape  equation  for  N  sites  is: 

g(o>)  =  (I/NKL/(1  -  K.L))  (7-21) 

where 


L  =  £  [i(o>  —  Wj)  -  (1/T2j)  +  NK]'1 

j-i 

T2j  =  the  spin-spin  relaxation  time,  K  =  r" 1  =  exchange  or  flipping  rate, 

N  =  number  of  sites,  and  ojj  =  frequency  of  site  j : 

wj  =  +  (<r33  -  <riIO)[P2(cos  0)P2(cos  6) 

+  (3/4)  sin2  9  sin2  0  cos2  (</>  +  y)  —  3  sin  9  cos  9  sin  0  cos  0  cos  (</>  +  y)] 
+  [(<ru  -  <r22)/2][sin2  6  cos4  0  cos  [2(<0  +  y  +  a)] 

+  sin2  9  sin4  0  cos  [2(0  +  y  -  a)]  +  sin  9  cos  9  sin  0 
x  {(cos  0+ 1)  cos  ($  +  y  +  2a)  +  (cos  0"  ’)  cos  (<0  +  y  +  2a)} 

+  P2(cos  9)  sin2  0  cos  (2a)] 


Other  terms  in  the  equation  are  the  Legendre  polynomial,  P2;  the  Euler  angles 
of  the  flip  axis  with  respect  to  the  principal  axis  system  of  the  shift  tensor, 
(a,  0,  y);  and  the  Euler  angles  of  the  magnetic  field  with  respect  to  the  flip  axis, 
(9,  4>).  For  an  NMR  lineshape,  I («),  the  real  part  of  g(oj)  is  required.  The  pre¬ 
ceding  formulation  is  for  a  single  orientation  with  respect  to  the  magnetic  field 
and  an  average  over  all  orientations  must  be  taken: 


dnP(n)I(w,  O) 


(7-22) 


where  P(fi)  =  (l/4n)  and  dfl  =  sin  0  d0  d<f>.  Very  suitable  computer  programs 
for  these  lineshape  simulations  as  a  function  of  rate  are  given  in  the  Ph.D. 
thesis  of  Wcmmcr.44 
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While  the  rr-flip  process  is  simulated  as  a  specific  example  of  the  general 
N-site  exchange,  the  restricted  rotation  is  simulated  not  with  a  temperature- 
dependent  rate  but  with  a  temperature-dependent  amplitude.  At  temperatures 
above  293  K,  the  rr-flip  process  is  in  the  rapid  limit  and  all  further  narrowing 
is  attributed  to  an  increase  in  an  amplitude  of  the  restricted  rotation.  The  root 
mean  square  of  the  amplitude  of  the  restricted  rotation  is  found  to  be  linear 
versus  the  square  root  of  temperature  above  293  K.  This  linear  dependence  is 
assumed  for  lower  temperatures  as  well,  which  allows  for  a  complete  simula¬ 
tion  of  the  spectra  at  all  temperatures  as  a  result  of  both  motions.  The  ampli¬ 
tudes  of  the  restricted  rotation  as  a  function  of  temperature  are  summarized  in 
Figure  7-9  and  the  comparable  n  flip  rate  information  in  Figure  7-10.  The 
experimental  spectra  are  shown  in  Figure  7-11  and  comparisons  between  the 
simulations  and  the  experimental  spectra  are  shown  in  Figure  7-12. 

An  apparent  activation  energy  can  be  calculated  from  the  temperature 


Figure  7-9.  Root-mean-square  amplitude  of  restricted  phenylene  group  rotation  about 
the  C,C4  axis  versus  temperature  to  the  one  half  power.  The  rms  amplitude  is  deter¬ 
mined  from  simulating  the  13C  CSA  lineshape.  (Reprinted  with  permission  from 
O’Gara,  J.  F.;  Jones,  A.  A.;  Hung,  C.-C.;  Inglefield,  P.  T.  Macromolecules  1985,  18, 
1117.  Copyright  1985,  American  Chemical  Society.) 
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dependence  of  the  s-flip  rate.  The  rather  low  value  of  1 1  ±  5  kj  is  found  that  is 
not  consistent  with  the  apparent  activation  energy  of  50  kJ  determined  from 
proton  spin-lattice  relaxation  data.  The  discrepancy  reflects  the  use  of  an 
exponential  correlation  function  for  the  simulation  of  the  CSA  spectra, 
whereas  a  highly  nonexponential  correlation  function  was  used  in  the  simula¬ 
tion  of  the  T,  and  TI(I  data.  The  lineshape  data  can  be  simulated  fairly  well 
with  a  single  exponential  correlation  function  because  only  a  limited  range  of 
frequencies  near  l  kHz  is  sampled  and  the  temperature  dependence  of  n  flips 
can  be  observed  only  from  183  to  273  K.  On  the  other  hand,  the  T,  and  Tl(, 
data  extended  from  90  MHz  to  43  kHz  and  the  temperature  dependence  could 
be  determined  from  153  to  393  K. 

One  other  set  of  relevant  lineshape  data  is  available  on  the  BPA  unit  in  an 
epoxy  resin.26  The  spectroscopic  technique  employed  was  variable- 
temperature  l3C  magic  angle  sample  spinning.  At  low  temperatures,  the  proto- 
nated  phenylene  carbon  lines  become  doublets  reflecting  two  slightly  different 
chemical  environments.  As  temperature  is  raised  the  high-resolution  lines 
obtained  under  these  experimental  conditions  collapse  to  the  single  sharp  line 
usually  observed  near  room  temperature.  The  two  lines  for  a  single  type  of 
carbon  present  at  low  temperature  are  attributed  to  two  rotational  conforma¬ 
tions  of  the  phenylene  ring  although  at  the  time  of  the  report  it  was  not  clear 
that  the  process  involved  was  n  flips.  A  correlation  function  was  used  to  inter¬ 
pret  the  spectral  collapse,  (n  this  case,  as  for  the  proton-relaxation  data,  a 
Williams-Watts-Ngai  fractional  exponential  correlation  function  was 
employed  with  a  correlation  time,  apparent  activation  energy,  and  fractional 
exponent  comparable  to  the  values  used  in  the  chloral  polycarbonate  interpre¬ 
tation.  (See  Chapter  3.) 


Figure  7-10.  The  natural  logarithm  of  the  rt-fiip  rate  versus  inverse  temperature.  The 
ji-flip  rate  is  determined  from  simulation  of  the  UC  CSA  lineshape.  Abscissa  is  in  K _  1 . 
(Reprinted  with  permission  from  O’Gara,  J.  F.;  Jones,  A.  A.;  Hung,  C.-C.;  Inglelield,  P. 
T.  Macromolecules  1985,  18,  1117.  Copyright  1985,  American  Chemical  Society.) 


POLYMER  MOTION 


273 


Figure  7-11.  Carbon-13  CSA  lineshapes  at  several  temperatures.  (Reprinted  with  per¬ 
mission  from  O'Gara,  J.  F.;  Jones,  A.  A.;  Hung,  C.-C.;  Inglefieid,  P.  T.  Macromolecules 
1985, 18, 1117.  Copyright  1985,  American  Chemical  Society.) 


Carbon-13  chemical-shift  anisotropy  lineshape  spectra  are  also  available  on 
the  carbonate  unit  in  BPA  polycarbonate.2®  These  spectra  were  obtained  by 
Henrichs  on  a  labeled  sample  under  conditions  comparable  to  the  phenylene 
labeled  system.  The  carbonate  carbon  CSA  lineshape  is  quite  broad,  about  150 
ppm,  but  shows  rather  little  change  with  temperature.  This  result  is  surprising 
because  a  large  dielectric  loss  is  present  in  BPA  polycarbonate,  which  can  only 
reflect  motion  of  the  carbonate  unit.  Henrichs  interprets  the  small  change  in 
the  CSA  tensor  to  be  oscillation  of  the  carbonate  unit  with  an  angular  ampli¬ 
tude  of  about  40°  at  room  temperature.  The  interpretation  is  not  decisive 
because  the  principal  axis  system  of  the  shielding  tensor  is  not  entirely  clear  in 
the  carbonate  unit  and  the  lineshape  change  is  rather  small.  However  this 
information  cannot  be  ignored  as  a  complete  dynamic  picture  of  poly¬ 
carbonate  is  developed. 


Figure  7-12.  The  lines  are  simulations  of  the  l3C  CSA  lineshapes  at  several  tem¬ 
peratures,  and  the  points  are  taken  from  the  spectra  in  Figure  7-11.  (Reprinted  with 
permission  from  O'Gara,  J.  F.;  Jones.  A.  A.;  Hung,  C.-C.;  Inglefield,  P.  T.  Macro¬ 
molecules  1985, 18,  1117.  Copyright  1985,  American  Chemical  Society.) 
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Summary  of  Polycarbonate  Dynamics  from  NMR 

Polycarbonate  is  intrinsically  a  very  mobile  polymer  chain  in  spi.e  of  a 
rather  complex  repeat  unit.  In  dilute  solution,  segmental  motion,  phenylene 
group  rotation  and  methyl  group  rotation  are  all  rapid  and  have  rather  low 
apparent  barriers  to  surmount.  However,  even  in  dilute  solution,  segmental 
motion  cannot  be  characterized  by  a  single  correlation  time,  although  pheny¬ 
lene  group  rotation  and  methyl  group  rotation  can  still  be  treated  in  the  sim¬ 
plest  manner.  Presently,  the  best  model  for  segmental  motion  appears  to  be 
the  approach  by  Hall  and  Helfand7  based  on  computer  simulations  of  chain 
dynamics  in  polyethylene. 

In  the  bulk,  segmental  motion  of  the  type  that  creates  new  backbone  direc¬ 
tions  is  present  above  the  glass  transition.  Below  the  glass  transition,  the  back¬ 
bone  bonds  represented  by  the  BPA  unit  are  not  reorientated  significantly,  as 
evidenced  by  the  proton  spectra.  Carbon- 13  and  deuterium  spectroscopy  show 
phenylene  group  rotation  persists  in  the  glass  in  the  form  of  n  flips  and 
restricted  rotation.  Carbon- 13  spectroscopy  is  less  definitive  with  respect  to 
the  motion  of  the  carbonate  unit. 

Proton-relaxation  experiments  show  the  correlation  function  describing  the 
motion  to  be  complex.  In  the  frequency  domain,  there  is  significant  spectral 
density  over  five  decades.  The  lineshape,  time-scale  analysis  docs  not  require 
as  complex  a  correlation  function,  although  it  is  not  inconsistent  with  the 
presence  of  it  either.  The  only  correlation  function  found  that  is  capable  of 
summarizing  the  relaxation  data  is  the  fractional  exponential  form  commonly 
referred  to  as  the  Williams-Watts  function.  Justifications  of  this  form  have 
been  offered  by  Ngai9- 10  and  by  Schlesinger  and  Montroll.45 


Relationship  Between  NMR  and  Other  Dynamical 

Methods 


Nuclear  magnetic  resonance  has  clearly  established  the  geometry  of  the 
phenylene  motion  in  BPA  polycarbonate  and  proton  relaxation  yields  the  cor¬ 
relation  function.  It  is  fair  to  ask  whether  the  motions  seen  by  proton  and  l3C 
spectroscopy  are  the  same  and  then  whether  these  motions  are  related  to 
dynamic  mechanical  response  and  dielectric  relaxation. 

First  a  relaxation  map  can  be  constructed  by  plotting  the  logarithm  of  the 
frequencies  versus  temperature  for  the  T,  minima,  the  T,„  minima,  the  average 
coalescence  point  of  UC  lineshape  collapse,  and  maximum  point  of  dynamic 
mechanical  loss.  In  Figures  7-13  and  7-14,  this  plot  is  seen  to  be  linear  for 
chloral  polycarbonate  and  BPA  polycarbonate.  The  line  on  these  plots  is 
derived  from  the  Williams-Watts-Ngai  fit  of  the  proton-relaxation  data  shown 
in  Figures  7-3  and  7-5.  The  conclusion  to  be  drawn  is  that  the  NMR  data  are 
linked  in  time  and  they  are  linked  to  the  time  scale  of  the  mechanical  loss. 
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Furthermore,  the  breadth  as  well  as  the  position  of  the  mechanical  loss  peak  is 
fairly  well  represented  by  the  correlation  function  developed  from  proton- 
relaxation  data  as  shown  in  Figure  7-15. 

The  frequency-temperature  superposition  of  the  NMR  data  and  the 
dynamic  mechanical  loss  data  raises  questions.  It  is  difficult  to  sec  how  jumps 
of  a  symmetrical  group  between  two  equivalent  minima  can  produce  a  large 
mechanical  loss.  Also  motion  of  the  phenylene  group  certainly  cannot  produce 
a  large  dielectric  loss  nor  does  it  seem  likely  that  the  large  dielectric  loss  can 
be  attributed  entirely  to  carbonate  group  oscillation.  The  dynamic  mechanical 
and  dielectric  loss  peaks  arc  rather  large  for  such  sub-glass  transition  peaks 
and  a  mechanism  reflecting  this  fact  is  required. 

A  motion  can  be  proposed  that  is  consistent  with  the  NMR  data  and  the 
presence  of  large  iow-temperature  loss  peaks.46  This  proposal  is  offered  in  the 


RELAXATION  MAP 


Figure  7-13.  Relaxation  map  for  chloral  polycarbonate.  The  three  NMR  points  are 
spin-lattice  relaxation  minima  at  90  MHz,  50  MHz,  and  43  kHz  corresponding  to  the 
data  in  Figure  7-3.  The  mechanical  datum  is  the  maximum  of  a  dynamic  mechanical 
loss  peak  at  1  Hz.  The  line  is  a  Williams-Watts-Ngai  fit  based  on  parameters  deter¬ 
mined  from  the  proton-relaxation  data  in  Figure  7-3.  (Reprinted  with  permission  from 
Jones,  A.  A.;  O’Gara,  J.  F.;  Inglefield,  P.  T.:  Bendler,  J.  T.;  Yee,  A.  F.;  Ngai.  K.  L. 
Macromolecules  1983,  16,  658.  Copyright  1983,  American  Chemical  Society.) 
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RELAXATION  MAP 


Figure  7-14.  Relaxation  map  for  BPA  polycarbonate.  The  highest  frequency  NMR 
point  is  the  90  MHz  proton  T,  minimum.  The  next  highest  frequency  NMR  point  is 
the  43  kHz  T,„  minimum.  The  lowest  frequency  NMR  point  is  the  ,:,C  chemical-shift 
anisotropy  lineshape.  The  open  circles  are  maxima  of  various  dielectric  loss  curves 
taken  at  different  frequencies.  The  positions  of  all  points  have  an  uncertainty  of  the 
order  of  10°  because  of  the  breadth  of  the  loss  peaks  and  relaxation  minima.  (Reprinted 
with  permission  from  O'Gara,  J.  F.;  Jones,  A.  A.;  Hung,  C.-C  ;  Inglefield.  P.  T.  Macro¬ 
molecules  1985, 18,  1117.  Copyright  1985,  American  Chemical  Society.) 


spirit  of  stimulating  further  investigation  because,  although  it  is  consistent 
with  the  data  in  hand,  it  is  not  proved  by  it.  No  doubt  further  experimental 
and  theoretical  tests  can  be  developed  to  evaluate  the  proposal. 

The  basic  motion  is  shown  in  Figure  7-16  and  consists  of  an  interchange  of 
a  cis-trans  carbonate  conformation  with  a  neighboring  trans-trans  carbonate 
conformation.  This  is  not  a  simultaneous  interchange  but  a  correlated  confor¬ 
mational  change  of  the  type  observed  by  Helfand7  in  computer  simulations  of 
polyethylene  chains.  The  carbonate  groups  are  reoriented  by  this  process  but 
the  BPA  groups  are  not  reoriented  significantly,  although  they  are  translated. 
The  carbonate  groups  are  thought  to  be  mostly  in  the  trans-trans  conforma¬ 
tion,  with  a  smaller  number  of  cis-trans  units  present.  The  conformational 
interchange  diffuses  the  cis-trans  conformation  down  the  chain  of  largely 
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Figure  7-15.  Dynamic  mechanical  spectrum  for  chloral  polycarbonate.  The  dashed  line 
is  the  simulation  employing  the  Williams- Watts-Ngai  fractional  exponential  with  the 
parameters  set  from  the  proton  relaxation  data  and  fit  shown  in  Figure  7-3  (Reprinted 
with  permission  from  Jones,  A.  A.;  O’Gara,  J.  F.;  Inglefield,  P.  T.;  Bendler,  J.  T  :  Yee, 
A.  F.;  Ngai,  K.  L.  Macromolecules  1983,  16,  658.  Copyright  1983,  American  Chemical 
Society.) 


trans-trans  units.  As  this  diflusional  process  occurs,  BPA  units  are  translated. 
The  occurrence  of  n  flips  is  coupled  to  this  motion  through  intramolecular  or 
intermolecular  interactions.  The  presence  of  mobile  phenylene  groups  may 
make  the  barrier  to  conformational  interchange  smaller  by  providing  some 
fluctuations  in  the  surrounding  glassy  matrix  and  vice  versa. 

The  proposed  motion  is  in  agreement  with  NMR  data  because  the  BPA 
unit  is  not  reoriented  significantly  although  the  phenylene  groups  undergo  n 
flips  and  oscillation  about  the  C[C4  axis,  which  corresponds  to  a  virtual  back¬ 
bone  bond  direction.  The  proton  lineshape  data  show  these  virtual  backbone 
bonds  do  not  change  direction  whereas  the  13C  and  deuterium  results  show  n 
flips  and  oscillation  about  the  CtC4  axis.  The  13C  carbonate  lineshape  may 
not  show  significant  changes  because  of  coincidental  geometric  relationships 
or  because  most  of  the  carbonate  units  are  trans-trans  and  a  minority  are 
cis-trans,  so  interchange  produces  an  average  shape  not  greatly  different  from 
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the  Irans-trans  ease.  In  the  proposed  model,  the  shear  dynamie  mechanical 
loss  and  the  dielectric  loss  result  from  the  reorientation  of  the  carbonate 
group.  A  larger  bulk  mechanical  loss  results  from  the  translation  of  the  larger 
BPA  unit  during  the  conformational  interchange.  The  translation  produces 
volume  fluctuations  between  chains.  The  bulk  loss,  shear  loss,  and  dielectric 
loss  are  all  coincident  in  time  because  the  same  cooperative  motion  is 
involved.  The  n  flips  are  linked  in  time  because  they  are  controlled  by  the 
fluctuations  in  the  glassy  environment.  The  correlation  function  describing  this 
motion  is  complex  because  the  motion  is  a  segmental  rearrangement  and  also 
because  of  the  strong  intermolecular  interactions  in  the  glass.  A  complex  cor¬ 
relation  function  would  lead  to  broad  loss  peaks  and  relaxation  minima.  This 
segmental  motion  is  different  from  the  segmental  motions  of  the  glass  tran¬ 
sition  because  it  creates  no  new  backbone  bond  directions  but  merely  inter¬ 
changes  carbonate  group  conformations.  Because  the  proposed  motion  is  a 
segmental  motion,  albeit  not  as  general  as  those  of  the  glass  transition,  large 
dielectric  and  mechanical  loss  peaks  may  result.  The  phenylene  group  and  the 
rest  of  the  chain  undergo  oscillations  reflecting  the  general  flexibility  of  this 
polymer  but  these  oscillations  do  not  produce  the  large  loss  peaks.  The 
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Figure  7-16.  BPA  polycarbonate  chains  and  the  local  motion  corresponding  to  the  loss 
maxima  and  relaxation  minima  in  the  glass.  The  carbonate  CO  bonds  with  asterisks 
indicate  points  of  bond  rotation.  The  phenylene  rings  undergoing  flips  in  association 
with  the  CO  bond  rotations  are  numbered.  The  correlated  conformational  change  from 
the  top  chain  to  the  lower  chain  involves  two  neighboring  carbonate  groups  and  is 
produced  by  the  CO  bond  rotations  which  interchange  the  trans-trans  and  cis-trans 
conformations.  Conventional  bond  angles  of  109°  are  used  for  all  backbone  bonds 
except  the  carbonate  bonds,  which  are  set  at  120’.  These  choices  lead  to  an  IV  change 
in  the  C,C4  axis  of  the  phenylene  groups  in  the  BPA  unit  between  the  carbonate  unit 
undergoing  conformational  change.  (Reprinted  with  permission  from  Jones.  A.  A. 
Macromolecules  1985,  18,  902.  Copyright  1985,  American  Chemical  Society.) 
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general  flexibility  of  polycarbonate  may  lower  the  transition  slate  during  the 
conformational  interchange,  thus  playing  an  important  secondary  role. 

This  dynamic  model  came  out  of  the  new  information  provided  by  NMR 
and  the  picture  of  segmental  motion  developed  by  Hall  and  Helfand.7  The  ! 

model  agrees  quantitatively  with  the  phcnylcnc  group  NMR  data  and  is  at 
least  consistent  with  other  dynamic  information  on  polycarbonate.  Quantitat¬ 
ive  estimates  of  the  magnitude  of  the  dielectric  and  mechanical  loss  peaks 
based  on  this  proposal  would  be  helpful  in  evaluating  it  but  represent  substan¬ 
tial  projects  in  themselves.  In  any  case,  NMR  spectroscopy  has  interjected  new 

ideas  into  the  discussion  of  motion  in  polycarbonate.  \ 
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MOLECULAR  MOTION  IN  GLASSY  POLYCARBONATE 

Alan  Anthony  Jones,  Paul  T.  Inglefleld,  J.F.  O’Gara  and  A.K.  Roy 
Jeppson  Laboratory,  Department  of  Chemistry 
Clark  University,  Worcester,  MA  10610 

Motion  in  polymeric  glasses  is  greatly  reduced  both  in  amplitude 
and  rate  relative  to  either  the  rubbery  or  dissolved  stated  In  rub¬ 
bers  and  solutions  of  random  coil  macromolecules,  the  backbone  bonds 
sample  nearly  all  directions  in  space  over  relatively  short  times, 
certainly  less  than  microseconds.  In  the  glass  or  near  the  glass 
transition,  backbone  bonds  do  not  reorient  isotropically  even  on  the 
time  scale  of  seconds  but  the  presence  of  considerable  local  motions 
is  still  evident  in  mechanical  and  dielectric  relaxation  studies. * 

The  polycarbonate  of  blsphenol  A  (BPA-PC)  pictured  in  Figure  1  dis¬ 
plays  especially  large  dielectric  and  mechanical  loss  peaks  well  below 
the  glass  transition.  Mobility  in  this  glass  exceeds  the  norm  for 
polymeric  materials  and  this  fact  has  attracted  many  investigators. 

One  would  like  to  characterize  the  time  scale,  energetics  and  geometry 
of  the  motion.  Dielectric  and  dynamic  mechanical  relaxation  measure¬ 
ments  yield  broad  loss  peaks  with  an  apparent  activation  energy  of 
about  50  kJ/mole.2”3  Considerable  speculation  concerning  the  geometry 
of  the  motions  responsible  for  the  loss  peaks  accompanied  the  dielec¬ 
tric  and  mechanical  studies. ^  However  these  techniques  are  not  capa¬ 
ble  of  determining  this  aspect  of  motion  relative  to  the  structure  of 
the  repeat  unit  of  the  polymer. 

Geometry  of  Motion  from  Solid  State  NMR 

In  the  past  five  years,  solid  state  NMR  has  been  able  to  deter¬ 
mine  the  geometry  of  motion  relative  to  the  chemical  structure  of  the 
macromolecule. Large  magnetic  interactions  such  as  dipolar, 
shielding  and  quadrupolar  lead  to  distinctive  line  shapes  when  the 
motion  is  restricted  or  anisotropic.  Since  these  magnetic  interac¬ 
tions  can  be  precisely  related  to  the  local  structure,  the  presence  of 
motion  can  be  be  set  into  the  context  of  the  repeat  unit  geometry. 
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Figure  1.  The  repeat  unit  of  the  polycarbonate  of  bisphenol  A 
(BPA-PC). 

This  advance  has  provided  detailed  information  on  local  motion  in 
glasses  but  in  the  end  raises  new  questions  as  it  answers  the  old. 

The  first  indication  of  the  geometry  of  local  motion  in  BPA-PC 
came  from  a  proton  line  shape  study  of  a  closely  related  structural 
analogue.^  Here  the  proton-proton  dipolar  interaction  between  the 
neighboring  protons  on  the  phenylene  groups  is  monitored  by  the  pres¬ 
ence  of  a  Pake  doublet.  This  distinctive  line  shape  feature  would 
collapse  if  a  vector  drawn  between  the  two  neighboring  protons  is  re¬ 
oriented  by  the  onset  of  local  motion.  The  Pake  doublet  persists  in 
an  undiminished  form  until  the  glass  transition  indicating  no  reorien¬ 
tation  of  the  proton-proton  internuclear  direction.  This  direction  is 
parallel  to  the  effective  backbone  bond  consisting  of  the  phenylene 
group  indicating  that  this  virtual  bond  Is  not  reoriented. 

Proton  spin-lattice  relaxation  in  the  same  polymer  shows  the 
presence  of  considerable  rapid,  large  amplitude  motion. ^  If  the  phe¬ 
nylene  protons  are  moving  yet  the  corresponding  backbone  bond  is  not 
reorienting,  the  motion  must  be  a  rotation  about  that  backbone  bond. 

In  chemists'  parlance,  the  rotation  would  be  about  the  C\C^  axis  where 
Cj  is  the  phenylene  carbon  attached  to  the  oxygen  and  C4  is  the  phe¬ 
nylene  carbon  furthest  from  Cj . 


This  defines  one  aspect  of  the  notion  but  the  rotation  needs  fur¬ 
ther  specification.  Is  It  free  rotation  about  the  CjC^  axis  or  rota¬ 
tion  by  jumps  between  minima  or  a  restricted  rotation-libration?  The 
first  answer  came  from  deuterium  quadrupole  line  shape  NMR5  which  in¬ 
dicated  it  was  jumps  between  two  minima  separated  by  180°  plus  re¬ 
stricted  rotation  in  the  bottom  of  each  of  the  two  minima.  This  re¬ 
sult  was  substantiated  by  carbon-13  chemical  9hift  anisotropy  line 
shape  results  which  can  definitely  distinguish  between  the  three  pos¬ 
sibilities  mentioned. ^  Carbon-13  proton  dipolar  line  shapes  are  also 
consistent  with  the  180°  jump  or  w  flips  plus  restricted  rotation.^ 
These  NMR  experiments  provide  a  description  of  the  geometry  of  phenyl- 
ene  group  motion  not  available  from  any  other  technique. 

Both  deuterium  and  carbon-13  proton  dipolar**  line  shape  studies 

on  the  methyl  group  of  BPA  show  this  entity  to  be  rotating  about  the 

three  fold  symmetry  axis.  The  motion  is  independent  of  phenylene 

group  flips.  Also  the  methyl  group  line  shapes  show  the  presence  of 

at  best  only  a  little  wiggling  besides  the  rotation  about  the  symmetry 

axis.  Thus  the  bisphenol-A  unit  including  the  two  phenylene  groups, 

the  two  methyl  carbons  and  the  bridge  carbon  Is  not  moving  as  a  whole. 

The  phenylene  groups  move  in  a  two  fold  potential  about  their  symmetry 

axis  and  the  methyl  groups  move  in  a  three  fold  potential  about  their 

symmetry  axis.  0 

n 

The  motion  of  the  carbonate  unit,  -0-C-0-  remains  to  be  defined. 
Here  an  apparent  Inconsistency  between  NMR  line  shape  data  and  dielec- 
trie  data  arises.  Clearly  the  carbonate  unit  must  be  reorienting  to 
account  for  the  presence  of  the  appreciable  dielectric  loss.  However 
carbon-13  chemical  shift  anisotropy  line  shape  data^  on  the  carbonate 
carbon  shows  the  presence  of  very  little  motion.  This  point  must  be 
addressed  later  in  an  overall  motional  model. 

Time  Scale  of  Local  Motion 

Motions  in  polymers  are  known  to  have  complex  character  In  time 
which  is  quite  apparent  in  the  broad,  skewed  loss  peaks  usually  ob¬ 
served  in  macromolecular  glasses. *  Such  broad  loss  peaks  could  arise 
In  at  least  two  different  manners. First  the  motion  of  a  given 


polar  group  at  a  certain  spatial  position  in  the  glass  could  be  highly 
non-exponential.  The  notion  of  other  polar  groups  of  the  same  chemi¬ 
cal  type  but  at  different  spatial  locations  could  be  moving  with  a 
comparable  non-exponential  correlation  function.  This  situation  is 
referred  to  a  homogeneous  by  NMR  spectroscopi sts . 

An  alternative  source  of  broad  loss  peaks  or  relaxation  minima 
can  be  Imagined.  Suppose  an  individual  polar  group  at  a  particular 
location  in  a  glass  reorients  in  a  Debye  like  fashion  characterized  by 
a  simple  exponential  correlation  function.  However  other  polar  groups 
at  other  locations  also  relay  with  simple  exponential  time  constants 
but  the  time  constants  are  different.*^  The  various  time  constants  at 
various  locations  in  the  glass  arise  from  the  inhomogeneous  nature  of 
the  glass  at  a  microscopic  level.  In  particular  different  polar 
groups  at  different  locations  experience  different  packings  or  inter- 
molecular  environments  leading  to  different  time  scales  for  reorien¬ 
tation.  This  situation  is  referred  to  as  inhomogeneous  and  leads  to 
broad  loss  peaks  just  as  the  earlier  homogeneous  description. 

Mechanical  loss,  dielectric  loss  and  proton  spin-lattice  relaxa¬ 
tion  cannot  distinguish  between  the  origin  of  the  distribution.  How¬ 
ever  carbon-13  spin-lattice  relaxation  and  the  solid  state  line  shape 
experiments  can  distinguish  between  the  two  possibilities?**^*^  an(j 
now  definitively  point  to  a  predominately  inhomogeneous  distribution 
in  polycarbonate. 

To  quantitatively  summarize  the  inhomogeneous  distribution  of  re¬ 
laxation  times  in  polycarbonates,  two  forms  of  correlation  functions 
have  been  used.  Spiess*^  has  employed  a  log  normal  distribution  which 
extends  over  about  three  decades  in  time  to  account  for  a  variety  of 
deuterium  line  shape  experiments.  An  apparent  activation  energy  of 
about  40  kJ  describes  the  temperature  dependence  and  some  change  in 
breadth  accompanies  change  in  temperature. 

Jones****^  et  al.  has  employed  the  fractional  exponential  corre¬ 
lation  function  to  summarize  proton  spin-lattice  relaxation,  carbon-13 
spin-lattice  relaxation  and  carbon-13  chemical  shift  anisotropy  line 
shape  data.  A  fractional  exponent  (g)  of  0.15  is  required  to  fit  the 


proton  data^»*7  and  is  consistent  with  the  carbon  data.  The  frac¬ 
tional  exponent  is  determined  from  the  temperature  dependence  of  spin- 
lattice  relaxation  data  since  insufficient  data  was  available  to  fix 
the  exponent  at  different  temperatures.  This  fixed  g  was  capable  of 
matching  the  published  deuterium  data^»^  though  more  detailed  results 
from  this  technique  are  forthcoming. 

The  Jones  group  has  also  presented  a  quantitative  analysis  of 
the  temperature  dependence  of  the  amplitude  and  time  scale  of  the  re¬ 
stricted  rotation  based  on  a  correlation  function  developed  by 
Gronski.^**®  The  amplitude  of  the  restricted  rotation  is  found  to 
increase  with  the  square  root  of  temperature  which  is  plausible.  How¬ 
ever  the  amplitude  extrapolated  to  absolute  zero  is  large  which  is 
difficult  to  interpret.  The  time  scale  of  the  restricted  rotation  is 
contained  in  a  rotational  diffusion  constant  which  varies  linearly 
with  temperature  and  falls  in  the  range  of  10“8S.17  This  time  scale 
is  characteristic  of  phenylene  group  libration  and  is  much  longer  than 
infrared  vibrational  oscillation. 

A  More  Complete  Motional  Model 

An  NMR  spectroscopist  might  be  tempted  to  stop  with  the  motional 
interpretation  developed  thus  far.  This  would  include  methyl  group 
rotation,  phenylene  group  ir  flips  plus  libration  and  little  motion  of 
the  carbonate  or  the  bisphenol  unit  as  a  whole.  While  this  view  sat¬ 
isfies  the  NMR  data  it  is  not  easily  reconciled  with  the  mechanical 
and  dielectric  data.  A  relaxation  map®»^»^  constructed  from  spin- 
lattice  relaxation  minima,  line  shape  coalescence,  dielectric  and 
mechanical  maxima  shows  these  phenomena  to  be  linked  phenomenological¬ 
ly  in  time.  Such  a  map  is  shown  in  Figure  2  but  the  motions  identi¬ 
fied  by  NMR  will  not  lead  to  large  mechanical  or  dielectric  loss. 

The  discrepancy  between  an  apparently  static  carbonate  carbon 
based  on  line  shape  data  and  the  virtual  necessity  of  carbonate  reori¬ 
entation  for  dielectric  loss  has  been  mentioned.  Similarly,  the  only 
large  amplitude  motions  noted  are  anisotropic  rotations  of  symmetric 
groups,  methyl  and  phenylene;  and  such  motions  do  not  lead  to  signifi¬ 
cant  shear  loss  as  is  observed. 
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Figure  2.  Log  frequency  versus  inverse  temperature  or  relaxation  nap. 
The  highest  frequency  NMR  point  is  the  90  MHz  proton 
minimum,  the  next  highest,  43  KHz  minimum  and  the  low¬ 
est,  the  average  position  of  CSA  line  shape  coalescence. 

The  open  circles  are  maxima  of  dielectric  loss  curves  taken 
at  different  frequencies  and  the  square  of  the  dynamic 
mechanical  loss  peak.  The  positions  of  all  points  have  an 
associated  uncertainty  of  the  order  of  10  degrees  because 
of  the  broadness  of  loss  peaks  and  relaxation  minima. 


Given  the  phenomenological  linkage  of  the  various  relaxation  ex¬ 
periments,  the  geometry  of  motion  given  by  NMR,  and  the  need  to 
account  for  dielectric  and  mechanical  loss,  a  motional  model  is  pro¬ 
posed.  The  model  is  constructed  to  be  consistent  with  observations 
but  unfortunately  the  data  in  hand  do  not  "prove'’  the  validity  of  the 
model. 

The  proposed  local  motion  focuses  on  the  conformation  of  the  car¬ 
bonate  group.  This  unit  is  believed  to  reside  predominantly  in  the 


trans-trans  conformation.*^  As  part  of  the  motional  model,  the  exis¬ 
tence  of  a  few  defect  conformations  of  either  cis-trans  or  trans-cis 
forms  are  proposed.  A  cis-trans  or  trans-cis  conformation  with  re¬ 
spect  to  the  carbonate  unit  is  found  to  be  only  somewhat  higher  in 
energy  from  quantum  mechanical  calculations  on  diphenyl  carbonate. 

Also  the  barrier  for  conformational  change  from  cis-trans  or  trans-cis 
is  found  to  be  the  lowest  rotational  backbone  barrier  in  polycarbonate 
from  the  same  calculations. 

The  motion  proposed  is  a  conformational  exchange  between  a  cis- 
trans  or  trans-cis  and  a  neighboring  trans-trans  unit.  This  process 
is  displayed  in  Figure  3.  the  pathway  of  the  conformational  exchange 
is  a  sequential  set  of  rotation  of  the  cooperative  type  suggested  by 
Helfand.21~24  The  carbonate  bonds  which  rotate  are  indicated  by  as¬ 
terisks  in  Figure  3  and  the  backbone  phenylene  groups  undergoing  rota¬ 
tions  are  labelled  with  numbers. 

The  phenylene  groups  effectively  execute  *  flips  which  is  consis¬ 
tent  with  NMR  line  shape  data.  However  in  this  motional  picture,  the 
ir  flips  are  part  of  a  more  complex  limited  segmental  motion.  The  car¬ 
bonate  group  changes  shape  in  changing  from  trans-trans  to  cis-trans 
or  trans-cis  and  the  dipole  moment  should  change  in  magnitude  as  well 
as  orientation.  These  characteristics  should  lead  to  mechanical  and 
dielectric  loss  linked  in  time  to  the  n  flips. 

The  carbonate  carbon  chemical  shift  anisotropy  line  shape  does 
not  collapse  in  the  presence  of  this  motion  because  a  large  population 
of  trans-trans  conformations  is  interchanged  with  a  small  population 
of  cis-trans  or  trans-cis  conformations.  Even  at  high  temperature, 
the  average  line  shape  in  the  rapid  exchange  limit  will  be  close  to 
the  trans-trans  line  shape  thereby  displaying  little  indication  of  the 
motion.  However  since  defect  diffusion  is  involved,  many  carbonates 
can  be  reoriented  by  one  defect  leading  to  significant  dielectric  re¬ 
laxation. 

The  BPA  unit  as  a  whole  is  not  appreciably  reoriented  during  the 
conformational  interchange  save  for  tt  flips  which  is  again  consistent 
with  NMR  line  shape  data.  The  BPA  unit  is  translated  which  could  lead 
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TRANS-TRANS  TRANS-CIS  TRANS-TRANS  TRANS-TRANS 

Figure  3.  BPA  polycarbonate  chains*  The  top  chain  fragment  is  the 
initial  state  and  the  lower  chain  fragment  is  the  final 
state.  The  carbonate  CO  bonds  with  asterisks  indicate 
points  of  bond  rotation.  The  phenylene  rings  undergoing 
flips  in  association  with  the  CO  bond  rotations  are  num¬ 
bered.  The  correlated  conformational  change  from  the  top 
chain  to  the  lower  chain  involves  two  neighboring  carbonate 
groups  and  is  produced  by  the  CO  rotations  which  inter¬ 
change  the  trans-trans  and  trans-cis  conformations.  Note 
that  the  choice  of  a  t.*ans-cis  unit  in  the  figure  is  arbi¬ 
trary.  If  a  cis-trans  unit  were  used,  the  other  phenylene 
rings  would  be  flipped  so  over  a  period  of  time  all  rings 
could  be  flipped  as  the  cis-trans  and  trans-cis  conforma¬ 
tions  diffuse  along  the  chain. 


to  a  bulk  mechanical  loss  which  has  been  observed  in  BPA-PC. 

The  interchange  of  a  few  cis-trans  or  trans-cis  conformations 
with  neighboring  trans-trans  conformation  diffuses  the  cis-trans  or 
trans-cis  units  along  the  predominantly  trans-trans  backbone.  This 
defect  diffusion  character  is  related  to  several  experimental  observa¬ 
tions  . 
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to  a  bulk  mechanical  loss  which  has  been  observed  in  BPA-PC. 

First  at  high  temperatures,  all  phenylene  groups  undergo  n  flips. 
If  defect  diffusion  is  sufficiently  rapid  on  the  line  shape  experiment 
time  scale,  all  phenylene  groups  will  appear  to  flip  by  either  a  cis- 
trans  to  trans-trans  interchange  or  a  trans-cis  to  trans-trans  inter¬ 
change.  However  as  temperature  is  lowered  in  the  glass,  some  carbo¬ 
nate  units  will  no  longer  be  able  to  participate  in  the  interchange 
process  because  some  local  environments  present  too  high  a  barrier. 

The  phenylene  groups  near  these  units  will  appear  rigid  while  other 
phenylene  groups  near  carbonates  with  lower  intermolecular  barrier  to 
conformational  interchange  will  still  appear  as  mobile.  This  would 
lead  to  the  observed  inhomogeneous  character  of  the  line  shape  col¬ 
lapse  at  intermediate  temperatures.  At  quite  low  temperatures,  little 
conformational  interchange  at  any  carbonate  unit  would  result  in  the 
rigid  line  shape  limit  observed  below  -100°C. 

Intermolecular  interactions  must  contribute  significantly  to  bar¬ 
rier  heights  since  the  observed  activation  energy  in  the  glass  is 
50  kj/mole.  In  solutions  involving  low  viscosity  solvents,  the  bar¬ 
riers  to  rotation  or  segmental  motion  is  In  the  range  of  10  to  15 
kj/mole  in  agreement  with  isolated  chain  calculations .25-26  Thus  the 
35  to  40  kJ  Increase  in  apparent  activation  energy  must  be  ascribed  to 
intermolecular  interactions  allowing  for  the  rationalization  of  the 
inhomogeneous  character  of  line  shape  collapse  just  presented. 

The  defect  diffusion  character  of  the  conformational  interchange 
process  involving  a  distribution  of  barrier  heights  can  be  identified 
with  one  of  the  derivations  of  fractional  exponential  correlation 
functions .27-29  if  the  proposed  motional  model  is  correct,  then  the 
use  of  the  fractional  exponential  correlation  function  is  more  than  a 
convenient  mathematical  form  but  is  also  a  physically  sensible  form. 

In  this  motional  model,  phenylene  group  libration  and  methyl 
group  rotation  while  present  are  not  key  aspects  of  the  dynamics. 
Similarly,  the  presence  of  some  low  amplitude  chain  oscillation  or 
waggling  is  also  a  secondary  aspect. 
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Remaining  Questions 

The  defect  conformations  have  not  been  directly  observed  so  they 
remain  as  only  postulated  entities.  The  defect  diffusion  character  of 
the  motion  may  not  be  the  source  of  the  inhomogeneous  distribution  of 
relaxation  times.  Rather,  the  distribution  of  relaxation  times  may 
result  from  packing  differences  at  individual  motional  sites.  In  this 
picture  there  is  no  diffusion  from  site  to  site  but  each  site  reori¬ 
ents  with  its  own  time  scale.  If  this  were  the  case,  the  fractional 
exponential  function  is  just  a  convenient  mathematical  form  and  not 
connected  with  a  physical  derivation. 

The  defect  diffusion  conformational  interchange  process  is  shown 
in  Figure  3  for  an  extended  chain  conformation.  This  extended  chain 
conformation  is  not  likely  with  other  rotational  angles  placing  one 
phenylene  group  out  of  the  plane  of  the  paper  with  respect  to  the 
other.  These  rotations  will  lead  to  the  random  coil  character  appro¬ 
priate  for  polycarbonate.  However  whatever  the  relative  disposition 
of  the  phenylene  rings  in  one  BPA  unit,  the  interchange  of  carbonate 
conformations  can  still  take  place  leaving  the  BPA  unit  motionless. 
Thus  the  particular  conformational  sequence  shown  in  Figure  3  is  con¬ 
venient  to  draw  but  not  a  requirement  of  the  motional  model.  A  de¬ 
tailed  analysis  of  the  action  of  conformational  interchange  for  other 
conformations  associated  with  relative  rotations  of  the  phenylene 
groups  in  a  BPA  unit  will  be  pursued  with  computer  graphics. 

The  analysis  of  phenylene  group  libration  in  the  data  treatment 
and  its  role  In  the  motional  model  is  simplistic. 1®  All  phenylene 
groups  are  treated  as  thought  they  undergo  the  same  librational  ampli¬ 
tude.  However  the  librational  amplitude  is  governed  by  intermolecular 
interactions  since  rotation  is  found  to  be  four  fold  or  higher  from 
calculations^*^®  and  dilute  solution  spin-lattice  relaxation. If 
Intermolecular  effects  dominate,  a  glassy  matrix  should  lend  to  a  dis¬ 
tribution  of  libration  amplitudes  as  well  as  a  distribution  of  barrier 
heights.  The  failure  of  the  line  shape  simulation  to  produce  a  rea¬ 
sonable  intercept  for  the  amplitude  of  libration  at  absolute  zero  may 
reflect  the  single  amplitude  approximation. 


Further  experimental  work  and  analysis  of  the  consequences  of  the 
motional  model  are  required.  At  this  stage  it  can  be  regarded  as  an 
interesting  proposal  or  conjecture  which  may  prompt  particular  lines 
of  inquiry. 
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A  Comparison  of  Spin  Relaxation  and  Local 
Motion  Between  Symmetrically  and 
Asymmetrically  Ring-substituted  Bisphenol 
Units  in  Dissolved  Polycarbonates 

J.  A.  RATTO  and  PAUL  T.  INGLEFIELD,  Department  of 
Chemistry,  College  of  the  Holy  Cross,  Worcester,  Massachusetts  and 
R.  A.  RUTOWSKI,  K.-L.  LI,  ALAN  ANTHONY  JONES,  and 
AJOY  K.  ROY,  Department  of  Chemistry,  Clark  University, 
Worcester,  Massachusetts 


Synopsis 

Carbon-13  and  proton  spin-lattice  relaxation  times  were  measured  at  two  field  strengths  on 
solutions  10%  by  weight  of  two  polycarbonates  in  C2D2CI4  from  -20  to  +  120°C.  The  first 
polycarbonate  is  an  asymmetrically  substituted  form  with  one  chlorine  on  one  of  the  two 
phenylene  aromatic  rings  of  the  bisphenol  unit,  whereas  the  second  polycarbonate  is  symmetri¬ 
cally  substituted  with  two  chlorines  on  each  of  the  two  rings.  The  nuclear  spin  relaxation  data  are 
interpreted  in  terms  of  several  local  motions  likely  in  these  polymers.  Segmental  motion  was 
described  by  the  Hall-Helfand  correlation  function.  Segmental  motion  in  the  monosubstituted 
polycarbonate  is  somewhat  slower  than  in  unsubstituted  polycarbonate,  whereas  segmental 
motion  in  the  tetrasubstituted  polycarbonate  is  considerably  slower.  Phenylene  ring  rotation  is 
observed  in  unsubstituted  polycarbonate  and  in  the  monosubstituted  polycarbonate  above  40°C. 
Below  40°C  in  the  monosubstituted  species,  and  at  all  temperatures  in  the  tetrasubstituted 
species,  ring  rotation  is  replaced  by  ring  libration  as  the  predominant  motion  contributing  to  spin 
lattice  relaxation.  In  addition,  the  rotational  motion  of  the  two  types  of  rings  in  the  asymmetric 
monosubstituted  form  are  very  similar  although  not  identical.  The  substituted  ring  is  slightly  less 
mobile  than  the  unsubstituted,  and  both  rings  are  substantially  less  mobile  than  the  rings  of 
unsubstituted  polycarbonate.  This  indicates  a  strong  coupling  of  ring  motion,  although  the 
coupling  leads  to  less  than  synchronous  motion.  Methyl  group  rotation  is  present  in  both 
polymers  and  is  little  affected  by  the  various  structural  modifications. 

INTRODUCTION 

Both  solution1'7  and  solid-state8'13  spin  relaxation  studies  on  structurally 
related  polycarbonates  have  shown  the  influence  of  modifications  of  the 
repeat  unit  on  local  chain  dynamics.  In  the  unsubstituted  polycarbonate, 
BPA-PC,  shown  in  Figure  1,  several  local  motions  occur  on  a  rapid  time  scale 
in  solution,  including  segmental  rearrangements  of  the  backbone,  phenylene 
group  rotation,  and  methyl  group  rotation.3  In  the  glass,  general  segmental 
motion  ceases,  phenylene  group  rotation  changes  to  w  flips,  and  methyl  group 
rotation  continues  as  jumps  between  three  symmetrically  disposal  minima.8"15 
The  it  flip  process  is  linked  in  time  scale  to  the  low  temperature  dynamic 
mechanical  loss  peak.11,13 

In  the  dimethyl  ring-substituted  polycarbonate,6  TMBPA-PC,  also  shown 
in  Figure  1,  segmental  motion  is  slowed  in  solution,  and  rapid  phenylene  group 
rotation  essentially  ceases.  Phenylene  group  libration  continues  on  a  time 
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Repeat  Unit 


Abbreviation 


BPA-PC 


TMBPA-PC 


CUBPA-PC 


Cl  BPA-PC 


Chloral-PC 


NB:PC 

Fig.  1.  Repeat  unit  structure  for  bispheno!-A  polycarbonate  (BPA-PC)  and  various  analogues. 

scale  sufficiently  fast  to  contribute  to  spin  relaxation,  but  the  motion  of  the 
phenylene  group  is  significantly  altered  by  this  structural  modification.  Methyl 
group  rotation  is  little  influenced  by  the  introduction  of  ring  substituents, 
indicating  the  lack  of  coupling  of  this  motion  to  other  local  processes. 

In  this  report  the  dynamics  of  the  two  chloronated  derivatives  displayed  in 
Figure  1  are  considered.  One  of  the  polymers  is  a  dichloro  ring-substituted 
system,  C14BPA-PC,  which  is  structurally  similar  to  TMBPA-PC;  thus  a 
similarity  in  dynamics  might  be  expected  between  these  two  closely  related 
repeat  units.  The  second  chlorinated  polycarbonate  is  a  monochloro  •  ng-sub- 
stituted  system  with  substitution  on  only  one  of  the  two  rings  in  the  bisphenol 
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unit.  This  is  the  first  report  of  the  local  motion  in  an  asymmetrically 
substituted  polycarbonate. 

Several  important  questions  can  be  raised  in  the  context  of  the  asymmetri¬ 
cally  substituted  repeat  unit.  The  primary  question  is  the  independence  versus 
interdependence  of  the  rotational  motion  of  the  two  phenyiene  rings  in  a 
bisphenol  unit.  Since  only  one  of  the  rings  is  substituted,  the  motion  of  that 
ring  could  be  quite  different  from  the  unsubstituted  ring.  On  the  other  hand  if 
there  is  sufficient  steric  interaction  across  either  the  isopropylidine  group  or 
the  carbonate  group,  the  motion  of  the  unsubstituted  phenyiene  group  could 
be  coupled  to  the  motion  of  the  substituted  phenyiene  group. 

The  dynamic  mechanical  spectrum  of  the  asymmetrically  substituted 
C1BPA-PC  shows  only  one  loss  peak  at  105°  above  the  position  of  the  loss 
peak  in  unsubstituted  polycarbonate.16  This  result  indicates  coupling  of  the 
motion  of  the  two  phenyiene  groups,  since  from  the  most  naive  viewpoint  the 
motion  of  the  two  structurally  distinct  phenyiene  groups  could  lead  to  two 
distinct  loss  peaks.  However,  the  motion  contributing  to  the  mechanical  loss 
could  involve  either  the  substituted  or  the  unsubstituted  ring  alone.  If 
cooperative  character  is  present,  then  both  rings  could  be  contributing.  High- 
resolution  NMR  is  a  structurally  specific  technique,  and  the  motion  of  each 
ring  can  be  individually  monitored.  Thus  a  clear  determination  of  the  relative 
intramolecular  mobility  of  the  two  rings  can  be  directly  ascertained  in  this 
solution  NMR  study. 

In  C14BPA-PC  the  two  rings  are  expected  to  have  equivalent  mobility  The 
dynamic  mechanical  spectrum16  shows  the  low-temperature  loss  peak  associ¬ 
ated  with  phenyiene  group  rotation  to  be  raised  by  almost  200°  relative  to 
BPA-PC.  Thus  a  comparison  between  BPA-PC,  CIBPA-PC,  and  C14BPA-PC 
in  solution  might  be  expected  to  indicate  a  parallel  reduction  in  phenyiene 
group  mobility  unless  the  asymmetry  of  CIBPA-PC  fundamentally  alters  local 
dynamics  relative  to  the  two  other  symmetric  forms. 

EXPERIMENTAL 

High  molecular  weight  samples  of  C14BPA-PC  and  CIBPA-PC  were  sup¬ 
plied  by  General  Electric.  The  structures  of  the  repeat  units  are  shown  in 
Figure  1  along  with  the  structures  for  BPA-PC  and  TMBPA-PC.  Solutions  of 
C1BPA-PC  and  C14BPA-PC  in  C2DZC14  (10  Wt.  %)  were  degassed  and  sealed 
in  NMR  tubes. 

The  T,  measurements  were  made  using  the  standard  180°-t-90°  inversion 
recovery  method  and  are  reported  with  an  experimental  uncertainty  of  10%. 
The  22.6  MHz  carbon-13  and  90  MHz  proton  measurements  were  made  on  a 
Bruker  SXP  20/100,  and  the  62.9  MHz  carbon-13  and  250  MHz  proton  were 
made  on  a  Bruker  WM-250.  For  the  Bruker  SXP  20/100  the  temperature  was 
regulated  to  ±  1  K  with  a  Bruker  B-ST  100/700  that  was  calibrated  against  a 
thermocouple  placed  in  a  sample  tube.  In  the  case  of  the  WM-250  calibration, 
the  standard  chemical  shift  technique  was  employed  using  ethylene  glycol  for 
high  temperatures  and  methanol  for  low  temperatures. 

RESULTS 

In  general  the  decay  of  both  proton  and  carbon  13  magnetizations  followed 
a  simple  exponential  dependence  on  delay  time  t.  The  data  were  fitted  with 
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TABLE  I 

Backbone  Methyl  Spin-lattice  Relaxation  Times  of  Cl,  BPA-PC 
and  C1BPA-PC  (in  ms) 


T 

<SC) 

'H  Tj  Cl4 

BPA-PC 

'HT,  CIBPA-PC 

'^CTCl, 

BPA-PC 

“C  T, 

CIBPA-PC 

250 

MHz 

90 

MHz 

250 

MHz 

90 

MHz 

62.9 

MHz 

22.6 

MHz 

62.9 

MHz 

27.6 

MHz 

-  20 

239 

55 

146 

38 

44 

22 

46.6 

25.8 

0 

144 

46 

118 

48 

58 

32 

65.5 

43.7 

20 

121 

53 

120 

64 

63 

43 

90 

63 

40 

126 

74 

144 

97 

91 

78 

117 

95 

60 

144 

92 

185 

137 

128 

118 

174 

141 

80 

187 

132 

238 

172.5 

179 

155 

263 

225 

100 

212 

178 

310 

232.6 

255 

230 

365 

290 

120 

265 

227 

388 

291.7 

335 

317 

490 

389.4 

standard  linear  regression  and  nonlinear  two-parameter  and  three-parameter 
fits.  In  some  cases  a  slight  upward  curvature  in  the  plots  of  ln(Aw  -  Ar ) 
versus  r  was  noted,  and  in  those  cases  only  the  initial  portion  of  the  decay 
curve  was  considered. 

Spin-lattice  relaxation  times  are  presented  in  Tables  I  and  II. 


INTERPRETATION 

The  standard  relations  between  T,  and  spectral  densities  J  are  employed. 
For  carbon- 13,  the  expressions  are 


-  =  W0  +  2W1C+  W2 


Hi  - 


i  *^i(  uc) 

40  r* 


</2(  w2 ) 


^ 

j  1U'/ 


10  r® 


«0  ~  UH  ~  UC<  u2  ~  UH  UC 


and  for  protons  it  is 


'  T-9  - 


6|Y^^i(wh)  +  (2wl/) 


(la) 


(lb) 


The  intemuclear  distances  are  similar  to  the  standard  distances  used  in 
earlier  studies,  i.e.,  1.08  A  for  the  phenyl  C — H  distance,  1.12  A  for  the  methyl 
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TABLE  II 

Phenylene  Ring  Carbon- 13  Spin-lattice  Relaxation  Times  of  C14BPA-PC 
and  CtBPA-PC  (in  ms;  protonated  carbons  only) 


T 

(°C) 

Cl4 

BPA-PC 

C1BPA-PC 

Unsubst.  ring 

CIBPA-PC 

Cl  subst.  ring 

62.9 

MHz 

22.6 

MHz 

62.9 

MHz 

22.6 

MHz 

62.9 

MHz 

22.6 

MHz 

-  20 

193 

50 

140.4 

61.7 

143 

55 

0 

159 

55 

160 

94.8 

159 

68 

20 

140 

66 

235 

146 

205 

109 

40 

147 

82 

276 

215 

240 

173 

60 

166 

122 

418 

359 

358 

302 

80 

210 

147 

594 

538 

503 

459 

100 

277 

183 

920 

817 

721 

580 

120 

325 

291 

1196 

936 

994 

838 

C — H  distance,  and  1.77  A  for  the  backbone  methyl  proton-proton  distance. 

Expressions  for  the  spectral  density  can  be  derived  from  the  action  of 
particular  local  motions  on  intramolecular  intemuclear  interactions.  The  local 
motions  to  be  expected  are  segmental  rearrangements  of  backbone  bonds  and 
anisotropic  rotation  of  methyl  and  phenylene  groups.  The  segmental  motion 
description  of  Hall  and  Helfand17  will  be  employed,  and  for  this  segmental 
description  the  time  scale  is  set  by  two  parameters;  r0,  the  correlation  time  for 
single  conformational  transitions,  and  r„  the  correlation  time  for  cooperative 
or  correlated  transitions.  This  model  for  segmental  motion5  is  then  combined 
with  anisotropic  internal  rotation  to  give  the  following  composite  spectral 
density  function: 

J(u)  =  AJa(r0,  r,.  a)  +  BJb(  rb0 ,  r, ,  u  )  +  CJc(rcU,  tu  u>)  (2) 

where 

A  =  J(3cos2A  -  l)2,  B  =  J(sin22A),  and  C  =  7(sin'A) 

For  stochastic  diffusion: 


TcOl  =  T0  '  +  (JT.r) 

For  a  twofold  jump: 

tm>'  =  to"  '  +  V ' 


For  a  threefold  jump: 


1 60 


_  - 1 


+  T. 


The  angle  A  is  between  the  intemuclear  vector  and  the  axis  of  rotation. 
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The  form  of  Ja,  J„>  and  Jc  is  the  same  as  J  given  below  with  t0  replaced  by 
V  rb0,  and  r^,  respectively. 


J(u)  -  2{[(t0-,)(t0-1  +  2t,  ')  -  u2]2  +  [2(r0-'  +  t,-1)^]2} 

2(  ro 1  +  Tr‘)w 


21  “'/< 


X cos{  -arctan 


To'1(To  1  +  2r,  ')  -  w2 


The  segmental  motion  description  can  also  be  combined  with  anisotropic 
restricted  rotational  diffusion  in  place  of  complete  anisotropic  rotation.3, 18  For 
this  case,  we  have: 

~  +  £{[(1  -  cos/)2  +  sin2/]  Ji0l(ui) 


+  2  ^ 
*  n-l 


1  -  cos(/  -  nit)  1  -  cos(/  +  nit) 
+ 


1  —  nir/l 


1  +  nir/l 


s\n(l—nir)  sin(/+nir) 
1  —  nit //  1  +  nir/l 


jr(oi) 


+  i72{^1  “  cos2/)Z  +  s‘n22/]  «/i°l(  wi) 


+ I 

n-l 


1  -  cos(2l  -  nsr)  1  -  cos(2l  tmr) 


2  -  nw// 


2  +  rtir// 


/  sin(2/  -  nit)  sin(2/+nrr) 
\  2  -  nir/l  2  +  m// 


where 


-...l2\-,/4 


«A0,(«i)  =  {[r0  '(Toi'  +  Ti  ’)  -  w?]2  +  (2%,w.)  } 


1  w, 

Xcos  -arctan — - : - rr - ; 

2 


«4An(«i)  =  {  [f0  '(toi1  +  *n)(Vl'  +  Tf*  +  Xn)  - 


-  \/A 


{  ^  t  2( t„,  1  +  Ar )u, 

Xcos  -arctan 7 - : - - — - : - - — : - r 

2  (t„  1  +  AJ(t()1'  +  \J  -  a.2 


where 


I  nit 

Toi '  =  V '  +  Tr '  and  A  n  =  ^  —  j  D, 
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The  new  parameters  for  restricted  anisotropic  rotational  diffusion  are  the 
angular  amplitude  l  over  which  rotational  diffusion  occurs  and  the  rotational 
diffusion  constant  Dir. 

The  starting  point  for  the  interpretation  for  either  Cl  4BPA-PC  or  C1BPA-PC 
is  the  phenylene  carbon  data.  In  some  earlier  interpretations,2" 4  phenylene 
proton  data  were  the  starting  point  since  these  are  influenced  only  by 
segmental  motion.  In  the  polymers  reported  here  and  in  other  substituted 
polycarbonates,5'8  the  phenylene  proton  data  are  complex  and  cannot  be 
easily  interpreted.  Hence  our  use  of  phenylene  carbon  data,  which  are 
influenced  by  both  segmental  motion  and  phenylene  group  rotation.  To 
compensate  for  the  lack  of  simple  phenylene  proton  data,  extensive  held 
dependent  data  were  taken  to  provide  a  sufficiently  large  data  base.5"6  In  the 
study  of  a  closely  related  structure  (TMBPA-PC),  a  combination  of  phenylene 
carbon  and  ring  methyl  (both  proton  and  carbon)  data  at  two  field  strengths 
were  used  to  develop  a  description  of  segmental  motion  and  phenylene  group 
rotation.  The  segmental  motion  description  in  that  study  employed  the 
Hall-Helfand17  correlation  function  and  was  verified  by  the  use  of  the  same 
segmental  motion  parameters  in  the  description  of  the  backbone  methyl 
proton  and  carbon  relaxation  data.  This  same  verification  procedure  is  used  in 
the  systems  of  interest  here. 

In  addition  to  following  an  established  interpretations!  approach,  both  the 
carbon  and  proton  relaxation  data  in  CI4BPA-PC  are  almost  the  same  as  is 
observed  in  TMBPA-PC.  Since  the  substitution  pattern  of  the  phenylene 
groups  is  so  similar,  we  felt  confident  by  beginning  the  interpretation  with  the 
TMBPA-PC  motional  description  and  then  making  minor  adjustments.  The 
phenylene  carbon  data  at  two  field  strengths  are  the  starting  point  that 
quickly  led  to  values  of  r0,  t„  Dir,  and  l.  Here  the  Gronski18  picture  for 
restricted  anisotropic  rotation  in  combination  with  the  Hall-Helfand17  de¬ 
scription  for  motion  nicely  accounted  for  the  phenylene  carbon  relaxation 
data.  The  same  approach  was  used  on  the  backbone  methyl  proton  and 
carbon  data  to  yield  the  time  scale  for  methyl  group  rotation,  Tlrm,  plus  a 
check  on  the  segmental  motion  parameters  t0  and  r,.  The  methyl  group 
rotation  was  found  to  be  complete  anisotropic  rotation  by  jumps  between 
minima  separated  by  120°. 

The  C1BPA-PC  data  were  an  intermediate  case  between  C14BPA-PC  and 
BPA-PC.  Again  we  started  with  phenylene  carbon  data,  but  this  was  a  truly 
different  situation  with  no  exact  parallel  in  our  previous  experience.  Since  the 
relaxation  data  did  fall  between  two  familiar  systems,  likely  estimates  for 
segmental  motion  and  phenylene  rotation  could  be  made  and  adjusted  to 
reproduce  the  phenylene  carbon  relaxation  data  at  two  field  strengths.  Since 
the  repeat  unit  is  asymmetric  in  this  polymer,  different  phenylene  rotation 
parameters  were  used  for  the  two  types  of  phenylene  groups.  The  same 
segmental  description  was  applied  to  both  phenylene  groups  since  this  motion 
is  assumed  to  involve  several  virtual  backbone  bonds.  The  segmental  descrip¬ 
tion  was  checked  by  the  methyl  proton  and  carbon  relaxation  data  as  before; 
this  data  also  provided  the  basis  for  determining  the  time  constant  Tirm  for 
methyl  group  rotation. 

In  the  description  of  ring  motion  in  C1BPA-PC,  the  Woessner19  description 
for  complete  anisotropic  rotation  by  stochastic  diffusion  is  successful  at  higher 
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temperatures  (>  40°C)  but  is  not  appropriate  for  either  ring  below  20°C.  The 
Gronski18  formulation  is  successful  over  the  temperature  range  20°  to  -  20°C, 
and  the  unsubstituted  ring  experiences  slightly  greater  librational  freedom 
relative  to  the  chlorinated  ring. 

The  simulation  parameters  for  C14BPA-PC  and  C1BPA-PC  are  contained  in 
Table  III,  and  all  observed  T,'s  were  matched  within  the  experimental 
uncertainty  of  10%  by  the  simulations  just  discussed.  These  simulations, 
especially  C1BPA-PC,  would  have  been  quite  difficult  were  it  not  for  our 
experience  with  closely  related  polycarbonates  and  may  have  required  a  more 
extensive  data  base  if  the  related  systems  had  not  already  been  completed. 


I 


I 


DISCUSSION 

Since  dilute  solution  studies  have  been  performed  on  a  number  of  structur¬ 
ally  related  polycarbonates,  comparisons  between  the  descriptions  of  local 
dynamics  can  be  made.  Such  a  comparison  is  made  for  segmental  motion  in 
Table  IV,  where  it  can  be  noted  that  as  the  apparent  activation  energy  for  r0 
increases,  Tg  increases.  However  the  trend  is  not  followed  for  C1BPA-PC 
relative  to  BPA-PC  probably  because  intermolecular  contributions  to  Tx  are 
reduced  in  the  asymmetric  C1BPA-PC,  since  it  most  likely  packs  less  effi¬ 
ciently  relative  to  the  symmetric  species.  However,  Tg  and  Ea  for  r0  of 
Cl  4  BPA-PC  is  much  higher  than  either  BPA-PC  or  C1BPA-PC,  which  is 
typical  of  the  phenomenological  link  noted  before.6 

Dynamic  mechanical  studies16  suggest  that  the  degree  of  substitution  rather 
than  the  type  of  substituent  is  important  to  the  dynamics.  That  conclusion  is 
reinforced  by  the  solution  data  that  show  TMBPA-PC  to  be  very  similar  to 
C14BPA-PC.  The  shifts  in  Ea  or  r0  generally  track  the  shifts  in  Tg,  with  both 
rising  on  increased  substitution.  The  changeover  in  phenylene  ring  mobility 
from  anisotropic  free  rotation  in  BPA-PC  to  restricted  libration  in  the 
tetrasubstituted  species  with  the  asymmetric  C1BPA-PC  exhibiting  a  combina¬ 
tion  of  these  motions  depending  on  temperature  range  is  paralleled  by  the 

TABLE  IV 

Segmental  Motion  in  Polycarbonates 


Apparent  activation  energy  Arrhenius  prefactor 

(kj/mole)  (rw  x  10u  s) 


Polymer 

V 

(C°) 

Cooperative 

segmental 

<*,) 

Single  backbone 
lotation  (r0) 

Cooperative 

segmental 

<Ti) 

Single  backbone 
rotation  ( r0 ) 

Ref. 

BPA-PC 

150 

19 

16 

28 

1003 

4 

Chloral-PC 

164 

17 

16 

94 

409 

4 

C1BPA-PC 

146 

23 

20 

10 

130 

Current 

work 

TMBPA-PC 

201 

23 

34 

11 

3 

6 

Cl  4  BPA-PC 

225 

23 

34 

20 

3 

Current 

work 

NB-PC 

232 

24 

30 

6 

17 

5 

“From  Ref.  16. 
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TABLE  V 

Phenylene  Group  Motion  in  Polycarbonates 


Polymer 

T* 

r 

(C») 

Form  of 
solution  motion 

(kJ/mole) 

T»  * 
s 

Itef. 

BPA-PC 

-  100 

Stochastic 

diffusion 

22 

6 

4 

Chloral-PC 

-100 

Stochastic 

diffusion 

18 

40 

4 

C1BPA-PC 

+  5 

Stochastic 
diffusion  for 

T  >  40°C 
Restricted 
rotation  for 

T  <  40°C 

22 

-  14 

Current 

work 

TMBPA-PC 

+  50 

Restricted 

rotation 

— 

— 

6 

Cl  4  BPA-PC 

+  49 

Restricted 

rotation 

— 

— 

Current 

work 

NB-PC 

-108 

Restricted 

rotation 

5 

‘The  temperature  of  the  main  subglass  transition  loss  peak  measured  at  1  Hz  ( Kef.  16). 
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TRANS-TRANS  TRANS-CIS  TRANS-TRANS  TRANS-TRANS 

Fig.  2.  Proposed  motion  responsible  for  low-temperature  loss  in  C1BPA-PC.  (a)  Trans-cis  to 
trans-traiw  conformational  interchanges  with  corresponding  ring  flips  occurring  on  the  unsub¬ 
stituted  phenylenes.  (b)  Trans-cis  to  trans-trans  conformational  interchanges  with  corresponding 
ring  flips  occurring  on  the  Cl  substituted  phenylenes.  In  all  cases  the  asterisk  indicates  the 
isomerizing  carbonate  bond. 


SPIN  RELAXATION  AND  LOCAL  MOTION 
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TRANS-TRANS  TRANS-CIS  TRANS-TRANS  TRANS-TRANS 

Fig.  2.  ( Continued  from  the  previous  page.) 


overall  trends  in  the  temperature  of  the  subglass  transition  loss  peak  T ,  as 
shown  in  Table  V. 

In  CIBPA-PC,  the  raw  T,  data  and  the  analysis  in  terms  of  correlation 
times  or  rotational  diffusion  constants  show  the  two  phenylene  rings  to  have 
comparable  mobility,  although  the  unsubstituted  phenylene  ring  exhibits 
somewhat  greater  librational  amplitude. 

The  nature  of  this  apparent  cooperativity  between  the  phenylene  rings 
remains  as  a  point  for  discussion.  Phenylene  ring  rotation  could  be  linked  by 
intramolecular  steric  interactions  across  the  isopropylidene  unit,  across  the 
carbonate  unit,  or  both.  Bendler20  has  performed  quantum  mechanical  calcu¬ 
lations  on  diphenyl  propane  that  indicate  that  rotating  one  phenylene  ring 
causes  partial  but  incomplete  rotation  of  the  other  ring.  This  is  less  than 
synchronous  motion,  and  this  level  of  cooperativity  is  roughly  indicated  by 
the  solution  NMR  data.  Both  the  Tx  data  and  the  motional  analysis  show 
motion  of  the  rings  to  be  similar  but  certainly  not  identical. 

The  similarity  in  motion  could  also  be  reinforced  by  a  coupling  across  the 
carbonate  unit  in  addition  to  the  isopropylidene  unit.  In  a  recent  proposal21 
for  the  motion  causing  the  low-temperature  loss  peak  in  BPA-PC,  bond 
rotation  within  the  carbonate  unit  was  combined  with  ring  rotation.  The 
proposal  consists  of  an  interchange  of  trans-cis  and  trans-trans  conforma¬ 
tions  with  associated  phenylene  ring  flips.  Figure  2  displays  the  dynamic 
process  as  applied  to  the  asymmetric  CIBPA-PC,  and  two  subsets  of  the 
motion  are  conceivable  in  this  asymmetric  system  with  the  isomerizing 
carbonate  bond  either  adjacent  to  a  chlorinated  ring  with  a  corresponding 
unsubstituted  ring  flip  (Fig.  2a)  or  with  the  isomerizing  bond  adjacent  to  an 
unsubstituted  ring  with  a  corresponding  chlorinated  ring  flip  (Fig.  2b).  In 
these  figures  and  discussions,  regioregularity  of  the  asymmetric  polycarbonate 
chain  is  assumed.  In  either  subset  the  chlorine  substituent  would  reduce 
mobility  either  by  proximity  to  the  isomerizing  carbonate  bond  or  by  proxim¬ 
ity  to  the  flipping  CiC4  axis.  Thus  it  would  appear  that  neither  subset  of 
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carbonate  motions  is  unimpeded;  and  when  this  effect  is  combined  with 
coupling  across  the  isopropylidene  unit,  it  is  not  surprising  that  a  single 
shifted  loss  peak  is  observed  in  the  solid  rather  than  two  peaks,  one  shifted 
the  other  unshifted. 

In  C1BPA-PC  a  similar  coupling  of  segmental  motion  and  phenylene  rota¬ 
tion  is  generally  reflected  in  the  correlation  times  of  Table  III.  At  temper¬ 
atures  above  20°C  where  ring  motion  is  primarily  characterized  by  ring 
rotation,  the  correlation  time  for  rotation  of  either  ring  is  rather  similar  to  the 
time  scale  of  cooperative  segmental  motion.  This  general  tracking  of  phenyl¬ 
ene  group  motion  and  segmental  motion  has  been  noted  before  in  dissolved 
polycarbonates  and  is  consistent  with  the  arguments  presented  in  the  solid  for 
a  single  loss-peak  involving  motion  of  more  than  individual  phenylene  rings. 

Thia  research  was  carried  out  with  the  financial  support  of  the  National  Science  Foundation 
Grant  DMR-790677,  of  National  Science  Foundation  equipment  Grant  No.  CHE  774)9059,  of 
National  Science  Foundation  Grant  No.  DM  R-8 106679,  and  of  US.  Army  Research  Office  Grants 
DAAG  29-82-G-0001  and  DAAG  29  85-K0126.  We  thank  the  Worcester  Consortium  NMR 
Facility  for  use  of  the  SXP90  and  WM2S0  spectrometers  and  Mr.  Frank  Shea  for  his  assistance. 
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Proton  and  carbon-13  relaxation  and  molecular  motion  in  glassy  bisphenol-A 
polycarbonate 

JohnJ.  Connolly, 41  PaulT.  Inglefield,  and  Alan  Anthony  Jonesb| 

Jeppson  Laboratory.  Department  of  Chemistry,  Clark  University,  Worcester,  Massachusetts  01 610 
(Received  10  July  1986;  accepted  6  March  1987) 

An  interpretation  of  proton  and  carbon- 1 3  spin-lattice  relaxation  in  glassy  polycarbonate  is 
developed  which  is  consistent  with  the  geometry,  time  scale,  and  amplitude  determined  from 
chemical  shift  anisotropy  line  shape  collapse.  The  line  shape  data  indicate  it  flips  and  libration 
about  the  same  axis  as  the  predominant  motions.  A  correlation  function  incorporating  these 
motions  is  developed  to  quantitatively  interpret  the  proton  spin-lattice  relaxation  data  and  the 
line  shape  collapse.  The  it  flip  process  is  described  as  an  inhomogeneous  distribution  of 
correlation  times  using  the  Williams-Watts  fractional  exponential.  An  apparent  activation 
energy  of  46  kJ/mol  is  determined  with  the  fractional  exponent  remaining  constant  at  0. IS. 

The  librational  motion  is  described  by  the  Grohski  formalism  where  the  amplitude  increases 
with  the  square  root  of  temperature;  and  the  rotational  diffusion  constant,  linearly  with 
temperature.  Rotational  diffusion  constants  fall  in  the  range  of  If)"  to  101'  s ~ 1  which  is 
comparable  to  those  observed  in  solution  in  sicricully  hindered  polycarbonates.  The  librational 
motion  only  contributes  to  spin-lattice  relaxation  at  the  higher  temperatures  so  that  only  an 
order  of  magnitude  estimate  of  the  restricted  rotational  diffusion  constant  results.  This 
correlation  function  is  then  applied  to  carbon- 13  T,  data  taken  at  various  positions  across  the 
chemical  shift  anisotropy  line  shape  on  an  isotopically  enriched  system.  Little  change  in  spin- 
lattice  relaxation  with  position  is  observed  which  is  consistent  with  the  broad  distribution  of  ir 
flip  correlation  times.  The  rate  of  carbon- 1 3  spin-lattice  relaxation  is  also  fairly  well  predicted. 

Comparisons  arc  made  with  magic  angle  sample  spinning  spin-lattice  relaxation  both  in  the 
laboratory  and  rotating  frame.  The  former  is  fairly  well  approximated  by  the  correlation 
function  while  the  latter  requires  a  significant  spin-spin  contribution  to  be  reconciled  with  the 
rest  of  the  interpretation. 


INTRODUCTION 

The  geometry  of  phenylene  ring  motion  in  the  glassy 
polycarbonate  of  bisphenol-A  has  been  characterized  by  sev¬ 
eral  solid  state  NMR  line  shape  experiments.'  7  Two  mo¬ 
tional  processes  are  identified:  rr  flips  and  librations,  both 
occuring  about  the  C,C4  axis.  A  detailed  analysis  of  the  car¬ 
bon-13  chemical  shift  anisotropy  (CSA)  line  shape  was 
based  on  the  presence  of  approximate  tr  flips  which  occured 
over  the  librational  range  around  each  minimum.7  The  libra¬ 
tional  range  increases  with  the  square  root  of  temperature  in 
this  interpretation  from  about  20”  at  —  1 00  ”C  to  about  60’  at 
+  100  ”C. 

In  addition  to  the  geometric  information,  the  rate  of  it 
flips  can  be  characterized  from  line  shape  collapse.  How¬ 
ever,  motional  processes  in  polymeric  glasses  are  often  com¬ 
plex,  requiring  data  at  a  number  of  frequencies  before  a  de¬ 
tailed  interpretation  can  be  attempted.  In  this  report,  a 
correlation  function  is  developed  which  is  consistent  with 
both  line  shape  and  spin-lattice  relaxation  data.  Geometric 
information  from  the  carbon- 1 3  CSA  line  shape  data  is  com¬ 
bined  with  phenylene  group  proton  relaxation  data  to  devel¬ 
op  this  overall  interpretation. 

The  proton  relaxation  data  is  taken  from  an  earlier 
study4  on  the  partially  dcuterated  form  of  the  polycarbonate, 
BPA-dh-PC,  shown  in  Fig.  1  along  with  other  structures  and 
abbreviations  of  the  polymers  mentioned  in  this  paper.  Pro- 

"  Present  address:  Ashland  Chemical  Co.,  P.O.  Box  2219,  Columbus,  Oil 
43216. 

To  whom  correspondence  should  be  addressed. 


ton  r,  data  at  90  MHz  on  BPA-d6-PC  containing  only  phen¬ 
ylene  protons  is  available,  in  addition  to  Tlp  data  at  43.5 
kHz.  Magic  angle  spinning  carbon- 1 3  7" ,,,  data  at  28  kHzon 
the  fully  protonated  form  is  also  available  from  the  litera¬ 
ture.1'  New  carbon- 13  T,  data  at  62.9  MHz  on  the  carbon- 13 
enriched  form,  BPA-UC-PC,  are  reported  here.  The  7',  mea¬ 
surements  on  the  enriched  form  are  taken  at  several  posi¬ 
tions  across  the  CSA  tensor  line  shape  to  rest  the  orientation 
dependence  of  the  relaxation.  Since  the  primary  motions 
present  in  polycarbonate  are  anisotropic,  carbon- 13  relaxa¬ 
tion  might  be  expected  to  depend  on  the  orientation  of  the 
motional  axis  with  respect  to  the  applied  field.9-15 

Earlier  line  shape  and  carbon- 13  T  tp  data  on  polycar¬ 
bonate  indicated  inhomogeneous  relaxation  mathematically 
corresponding  to  a  distribution  of  correlation  times  for  dif¬ 
ferent  spatial  positions  in  the  sample.5-7 14  In  view  of  this 
observation  and  the  just-noted  orientation  dependence  of 
carbon- 1 3  relaxation,  it  is  fair  to  ask  whether  the  inhomo¬ 
geneous  character  of  the  carbon- 13  T data  arises  in  part 
from  the  orientation  dependence  of  anisotropic  motion.  In 
polymeric  systems,  other  sources  of  inhomogeneity  are  also 
likely.  Notably,  a  distribution  of  local  interactions,  such  as 
the  fluctuation  of  density  at  different  spatial  positions  in  the 
glass  could  also  lead  to  different  relaxation  times  indepen¬ 
dent  of  orientational  effects.  This  aspect  of  the  dynamics  will 
be  incorporated  into  the  description  of  the  tt  flip  process 
through  the  use  of  a  fractional  or  stretched  exponential  cor¬ 
relation  function.  Correlation  functions  of  this  form  have 
been  developed  from  physical  pictures  which  may  be  appro- 
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FIG.  I.  Structures  of  the  polycarbonate  repeat  units. 


priate  for  polymeric  glasses.15'16  The  inhomogeneous  rate 
description  for  n  flips  will  be  combined  with  the  proper  geo¬ 
metric  description  for  this  anisotropic  motion9-'5''7  so  both 
sources  of  distribution  effects  can  be  considered.  An  earlier 
interpretation  of  proton  relaxation  did  not  consider  the  an¬ 
isotropic  character  of  the  motion,  but  used  an  isotropic  ap¬ 
proximation.4  To  continue  the  improvement  of  the  correla¬ 
tion  function,  the  librational  motion  will  be  added  to  the  ir 
flip  process  using  Gronski’s  description  based  on  restricted 
diffusion.'*-'9  In  the  earlier  interpretation  of  proton  Tt  and 
T  lp  data  the  librational  motion  was  not  considered.  The  am¬ 
plitude  of  the  restricted  diffusion  is  determined  from  line 
shape  data,  but  the  rate  will  be  determined  from  the  proton 
spin-lattice  relaxation  data,  and  checked  against  the  carbon- 
13  data. 

Other  aspects  of  the  carbon-13  7",  and  T  lp  data  will  be 
considered  as  well.  The  Tt  measurement  made  on  the  car¬ 
bon-13  CSA  line  shape  of  the  enriched  sample  might  be  in¬ 
fluenced  by  spin  diffusion  amongst  the  labeled  spins.  In  this 
case  the  average  relaxation  rate  would  remain  the  same,  but 
some  of  the  inhomogeneous  character  would  be  lost.  The 
Tlp  measurements  made  on  a  natural  abundance  sample  un¬ 
der  MASS  conditions  could  be  influenced  by  spin  diffusion 
between  the  carbon-13  and  proton  dipolar  reservoirs.2"'2'  In 
this  case,  no*  only  would  some  of  the  inhomogeneity  be  lost 
but  an  increase  of  relaxation  rate  would  result  from  the  new 
relaxation  pat hway.''H  "  ->'’ 22  " 

EXPERIMENTAL 

From  proton  T ,  and  Tlp  measurements  a  bisphenol-A 
polycarbonate  sample  with  deuterated  methyl  groups  was 


prepared  to  minimize  cross  relaxation  between  phenylene 
and  methyl  protons.4  In  an  earlier  report  the  phenylene  pro¬ 
ton  TVs  were  measured  at  90  MHz,  while  proton  Tlp  ’s  were 
determined  at  an  effective  field  at  43.5  kHz  from  a  tempera¬ 
ture  of  —  120  to  +  120  “C.  A  polycarbonate  sample  with 
single  site  carbon- 13  enrichment  on  one  of  the  two  phenyl¬ 
ene  rings  ortho  to  the  carbonate  group  was  used  in  the  chem¬ 
ical  shielding  anisotropy  line  shape  relaxation  experiment 
with  data  taken  at  40  °C.  Details  on  synthesis  of  the  methyl- 
deuterated  and  carbon- 1 3  enriched  polycarbonates,  and  on 
proton  T,  and  T,p  measurements  are  previously  given.4 

The  phenylene  carbon- 13  relaxation  data  was  measured 
on  a  Bruker  WM250  employing  a  Doty  solids  accessory  with 
cross  polarization  at  proton  and  carbon- 1 3  Larmor  frequen¬ 
cies  of  250  and  62.9  MHz,  respectively,  at  various  frequen¬ 
cies  across  the  chemical  shielding  anisotropy  line  shape  us¬ 
ing  a  nonselective  ir-r-ir/2  pulse  sequence.  Typical 
resulting  decay  curves  are  illustrated  in  Figs.  2  and  3.  A 
radio  frequency  field  of  1 .0  mT  was  employed.  Spin-lattice 
relaxation,  T„  was  also  observed  at  62.9  MHz  on  a  natural 
abundance  sample  under  conditions  of  MASS  spinning  us¬ 
ing  the  Torchia  T,  sequence,10  and  the  associated  data  is  in 
Fig.  4.  Both  the  proton  and  carbon- 13  T,  measurements  dis¬ 
cussed  here  were  performed  on  degassed,  sealed  samples. 
Comparisons  are  made  with  carbon- 13  Tlp  data  from  the 
literature  measured  under  magic  angle  spinning  conditions 
at  proton  and  carbon- 13  Larmor  frequencies  of  60  and  15 
MHz,  and  a  carbon- 13  radio  frequency  field  of  28  kHz.* 

RELAXATION  EQUATIONS 

The  proton  data  has  been  interpreted  before  utilizing 
equations  for  isotropic  motion.4  The  spectral  density  was 


FIG.  2.  The  logarithm  of  the  amplitude  at  delay  lime  r  minus  the  amplitude 
at  infinite  r  vs  delay  time  for  carbon- 1 3  relaxation  taken  at  the  orientation 
P  =  0.  The  dashed  curve  is  the  prediction  based  on  the  correlation  function. 
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characterized  in  terms  of  a  Kohlrausch  or  Williams-Watts2* 
fractional  exponential  correlation  function  which  yielded 
the  apparent  activation  encigy  of  48  kJ/mol  and  an  Arrhen¬ 
ius  prefactor  of  1 .0  X  10“ 16  s.  The  fractional  exponent  a  con¬ 
trolling  the  breadth  of  the  distribution  of  correlation  times 
was  found  to  be  0. 1 8.  In  the  interpretation  to  be  pursued  here 
the  knowledge  of  the  geometry  of  the  motion  will  be  incorpo¬ 
rated.  A  specific  geometric  description  can  be  applied  for 
both  libration  and  dips  allowing  for  a  distinct  estimate  for 
the  time  scales  of  each  motion. 

Carbon- 13  spin-lattice  relaxation  is  primarily  deter¬ 
mined  by  intramolecular  dipolar  coupling  to  the  adjacent 
proton.  The  strong  r~6  dependence  of  dipolar  relaxation  on 
internuclear  distance  precludes  large  contributions  to  this 
quantity  from  other  protons  of  the  sample.25 

In  quite  the  opposite  fashion  protons  on  adjacent  poly¬ 
carbonate  chains  are  primarily  responsible  for  proton  relax¬ 
ation  as  depicted  in  Fig.  5.  For  the  2,3  phenylene  protons,  the 
axis  of  rotation  is  parallel  to  the  intramolecular  internuclear 
vector  and  relaxation  for  such  protons  will  arise  from  dipo¬ 
lar  interactions  with  protons  on  other  chains.  Further,  an 
exact  1 80*  flip  interchanges  the  sites  of  the  four  protons  on  a 
phenylene  ring,  leaving  the  intramolecular  dipole-dipole 
Hamiltonian  invariant.26 

To  incorporate  these  ideas  we  begin  by  writing  the  inter- 
molecular  dipolar  Hamiltonian: 


FIG.  4.  The  logarithm  of  the  amplitude  at  delay  time  r  vs  r  for  the  protonat- 

ed  phenylene  carbons  of  unlabeled  BPA-PC  taken  under  MASS  conditions.  FIG.  5.  Coordinate  systems  for  BPA-d,-PC  and  BPA-'5C-PC  correlation 

The  dashed  curve  is  the  prediction  based  on  the  correlation  function.  function  calculations. 

J.  Cham,  Rhys.,  Vol.  86,  No.  12, 15  June  1987 


594  1009  1500  2000  2500  3009  3500 


7(ms) 

FIG.  3.  The  logarithm  of  the  amplitude  at  delay  time  r  minus  the  amplitude 
at  infinite  r  vs  delay  time  for  carbon- 1 3  relaxation  taken  at  the  orientation 
0  =  90.  Data  at  10  and  164  ppm  at  which  orientations  0  =  90  were  com¬ 
bined.  The  dashed  curve  is  the  prediction  based  on  the  correlation  function. 


*>  ■  fJ\J\  /  btil  iCUU 


oouo 


H a  =  -  (24^/5)  l/2«  r,  }V«)  £  F?,„  (/)r,„.  . 

«i  2 

(1) 

This  is  the  appropriate  Hamiltonian  for  proton  relaxation 
since  both  internuclear  distance  and  orientation  are  allowed 
to  be  time  dependent.  The  corresponding  Hamiltonian  for 
the  carbon- 13  dipolar  interactions  has  only  a  time-depen- 
dent  orientation  factor: 

//?  =  -  (247/5)’'^ r,  Vsr  '  £  r*„ . 

m  =  -  2 

(2) 

The  K2„,  are  normalized  spherical  harmonics,  and  the  Tim 
are  tensor  operators  following  the  formalism  given  by  Mehr- 
ing.27  The  starting  point  for  relaxation  rate  calculations  is 
the  equation  of  motion  of  the  density  matrix21*. 

^~=  ~  f  ’  <[//„(!),  [HAt~T)*\\)dT.  (3) 

at  Jo 

The  result  of  the  proton  (/)  T ,  and  TXp  calculation  is26-13 
1/7*1  =  6ir/5  y)fr  {J0oi,)  -f-  4/,(2<y,)}  ,  (4) 

l/rip  =6^/5  y*fr{  1.5  J„(toc)  4-2.5/, (a>,)  +  J2( 2a>,)}  . 

(5) 

For  carbon-13  (5)  the  expressions  are27,30  14 
1/7',  =  2n-/5  riris  ft 1  {J»(cl>s  -  a, ) 

+  iJ,(ais)  4-  bJ2(cos  4-w,)}  ,  (6) 

1/7,, ,  =  ir/5  rill's &  {4^„(<w,. )  4-  6/,(<y, )  4  -/„(&>*  —  «,) 

4  3J,(<us )  -f  6/,( tox  4-  to, )}  .  (7) 

The  spectral  density  is  defined  as 

/,„(*>)  =  (  -  l)'"f  </•(/)  V(f-r)-’> 

Jo 

X<F2,„(r)F2  ,„(r-r))  exp (iair)dr .  (8) 


For  proton  and  carbon- 1 3  calculations  it  is  convenient 
to  write  the  spherical  harmonics  with  coordinates  referred  to 
the  molecular  rotation  axis.  For  proton  relaxation,  inter¬ 
chain  interactions  will  have  a  proton  dipole-dipole  interac¬ 
tion  vector  inclined  at  an  angle  6  ‘  to  the  1 ,4-phenylene  axis  as 
shown  in  Fig.  5.  For  carbon- 13,  molecular  geometry  indi¬ 
cates  a  60“  tilt  between  the  dipole-dipole  vector  and  the  two¬ 
fold  axis  of  the  phenylene  group.  In  this  formalism  the  azi¬ 
muthal  angled’  is  time  independent.  We  also  wish  to  express 
the  spherical  harmonics  with  the  azimuthal  and  polar  angles 
taken  with  respect  to  this  symmetry  axis.9,17  Treating  the 
combined  effect  of  flips  and  librations  as  a  double  internal 
rotation  we  write 

^..,(0  =  £  I  dik{p)dl,{p1) 

n  2  k  2 

Xexp[  -ikyF(t)]  exp[  -  inyL  (/) ]  Yln  (9\d>')  . 

(9) 

The  subscripts  F  and  L  refer  to  flips  and  librations,  respec¬ 
tively.  The  d  2m„  are  elements  of  the  reduced  Wigner  rotation 
matrix,  and  are  real.  The  angle  between  the  static  magnetic 
field  and  the  symmetry  axis  is/3  while  the  angle  between  the 
symmetry  axis  and  that  about  which  libration  takes  place  is 
02.  As  already  noted,  the  flipping  and  librating  motions  are 
coaxial  so  0Z  —  0.  For  k  =  n  nonzero  contributions  occur, 
and  we  write 

£  d2m„(0)  cxp[  ~inyF(l)] 

n  —  —  2 

Xexp[  -  inyL(r)]V2J0',<t')  .  (10) 

Retaining  secular  terms  only,  the  correlation  function  be- 
comes 


(y2m( 0  Y2  _  m  (f  —  r)>  —  X  ( 0)dx_  m  _ „  ( 0)  Yz„(0  ',<t>')Y2  (#',^')(exp[  ±  inyF(t)]ex p[  :p  inyF(t  —  r)  ] ) 

n  —  2 

X<exp[  ±mrL(0]exp[  ^inyL(l-r)]>  .  (11) 

Evaluating  these  expressions  yields 

<  7>„(f)  F,  „(t  -  r))  =  (45/128jt){2/9{3  cos2(0')  -  1  ]2[3  cos2(  0)  —  1  ]2  -t-  sinJ(0 ')sin4(  /9)<exp  [  ±  2 iyF(t)  ] 

Xexp[  jl2iyF(t- r)  )><exp[  ±  2iyL  (/)  ]exp[  4-  liyL  (t  -  r)  ] )  4-  sin2  (20')  sin2  {20) 

X<exp[  ±/Vf.(f)]exp[  +iyFU  -  r)]><exp[  ±  iyLd)  ]exp(  ^iyL(t  -  r)  ])}  ,  (12) 

I  <Y2i(t)Y2-,U-r))  =  -  (15/64  tt){{[3  cos2(0')  -  I  }2sin2(2/?)  4- sin4(t9 ')  [  1  -  cos4(  0) }  <exp[  ±2i?v(/)] 

Xexp[  +2iyFU  -  r)]><exp[  ±2 iyL{t)] 

Xexp[  +  2 iyL  (t  —  r)]>  4-  sin2 (20')  [cos2 (20)  4-  cos2(  0)  ] 

X(exp[  ±/)v(0]exp[  +  iyt  (/  -  r)  J  > <exp[  ±ij'L(r)]exp[  +iyL(t  -  r)  ]>}  ,  (13) 

|  <722(<)F2_2(f  —  r))  =  (  l5/256ir){2{  3  cos2(0  ’)  -  1  ]2  sin4(  0)  4- sin4(0')  [  1  4-6cos:(0)  4-cos4(/5)] 

X  (exp[  ±  2/j',  (/)  ]expf  +2  iy,(i  -  r)]>(exp[  ±  2iyL  (/)  ]exp[  4: 2  iy,(i  -  r)]> 

4- 4sin2(2^')[l  -  cos4(  0)  ]<exp[  ±  iyy{t)  ]exp[  ^  iyF(t-r)]) 

X  <exp[  ±  iyL  (r)]exp[  T>YlO  -  r)]>}  .  (14) 

I 


J.Chem.  Phys.,  Vo.  i6.  No.  12, 15  Juno  1987 


With  proton  spin-lattice  relaxation  times  long  with  respect  to  the  time  for  spin  diffusion,  the  latter  mechanism  exchanges 
magnetization  between  different  sites  effectively  averaging  over  all  orientations  with  respect  to  the  applied  field.  Thus  only  a 
T averaged  over  all  sites  is  observed.  For  this  reason  the  spherical  harmonic  expansions  are  averaged  over  the  polar  angle  0, 
which  leads  to  the  result 

(Y2m(t)Y2  ,„(t  — r)>=<  —  1 )'”( l/16»r){(3  cos2(# ')  -  l]2  +  3sin2(20')<exp[  ±  />f(/)]exp[  qp  iyF(t  -  r)]> 

X  (exp[  ±  tyL(/)]exp{  +  /}'*.  (f-  r)  J>  4-  3  sin4(0')(exp[  +  2iyF(t)] 

Xexp[  +  2iyF(t  —  r)]  ><exp[  ±  2i)'L(r)]exp[  +2iyL(t- r)]}  .  (15) 

For  carbon- 13  relaxation,  spin  diffusion  is  less  prevalent  so  we  retain  the  dependence  on  0.  According  to  molecular  geometry 
O'  =  jt/3,  and  we  obtain 

(T,0(t)  Y2  _„(/  —  r)>  =  ( 135/5 12xr) { l/54[ 3  cos2(  0)  -  1  ]!  +  3/4  sin4(  0)(exp  [  ±  2iyF (f)]exp[  q=2iyf  (t  —  r)  ]) 
X<exp[  ±2/yL(/)]exp[  qr2/yL(r  —  r)])  +  sin2  (20)  (exp  [  ±iyF(t )] 

xexp[  +/n(<-f)]Xexp[  +  iyt(r)]exp[  -  r)  ])}  ,  (16) 

<r2,  (r)  .  ,(/-r)>  =  -  (45/256jt){1/6  sin2(  0)  cos2(  0)  +  3/4  [  1  —  cos4(  0)  l(exp[  ±  2iyF (/)] 

Xexp[  2iyF(t  -  r)])(exp[  ±  liyL  (f)  ]exp[  +  2iyL(t  -  r)  ]>  +  (cos2(2/7)  +  cos2(  0)  ] 
X<exp[  ±  iyF(t)  ]exp[  +  iyt  (t  -  r)  ]><exp[  +  iyL  (f)]exp[  q:  iyL  (t  -  r)  ]  >}  ,  (17) 

(Y22(t)Y2 .2(/-r)>  =  ( 45/  10247T ) { 1/8  sin4(  0)  +3/4(1  +  6 cos2(  0)  +  cos4(  0)  ](exp[  ±2iy,V)] 

Xexp[  lf.2iyF{l  —  r)])(exp[  ±  2iyL  (/)  ]exp[  q:  2iyL  (t  -  r)  ] )  +4(1  -cos4(/?)] 

X<exp[  ±/jv(0]exp(  +:/>+(»  -  r)])<exp[  ±  iyL  (t)  ]exp[  ^iyL  (t  -  r)  ]»  .  (18) 

f - - - - 


RELATIONSHIP  OF  SHIELDING  AND  MOTIONAL  AXES 

To  interpret  the  relaxation  at  various  points  across  the 
chemical  shift  anisotropy  line  shape,  it  is  necessary  to  relate 
shielding  to  the  orientation  of  the  molecular  motion  axis. 
Shielding  itself  is  described  in  a  molecular  fixed  axis  system 
determined  by  the  electronic  environment.  To  transform 
from  the  principal  axis  system  to  the  motional  axis  system  to 
consider  the  effects  of  the  motion  and  to  consider  the  orien¬ 
tation  of  the  motional  axes  with  respect  to  the  applied  field 
three  similarity  transformations  are  employed  as  follows. 


About  axis 

Angle 

Degrees 

(1) 

z 

6 

ir/3 

(2) 

x' 

a 

variable 

(3) 

y ' 

e 

variable 

The  x,y,  and  z  axes  are  the  principal  axes  of  the  shielding 
tensor  and  are  fixed  as  shown  in  Fig.  6.35  The  corresponding 
principal  components  of  the  chemical  shielding  tensor  are 
tr,  „  <t:2,  and  cr}},  with  rigid  lattice  chemical  shifts  relative  to 
CS:  of"J 


a,  |  =  —  17  ppm  ,  ( 19a) 

cr22  =  52  ppm  ,  (19b) 

cr j3  =  175  ppm  .  ( 19c) 


To  develop  the  equations  relating  the  observed  chemical 
shift  to  these  principal  shielding  components  we  begin  in  the 
principal  axis  system  of  the  chemical  shift  tensor 


o*  = 


’<7u 

0 

0 


0  0 

<7 22  0 

0 


(20) 


We  wish  to  transform  the  principal  axis  system  to  a  mo¬ 


tional  axis  system,  the  twofold  axis.  We  rotate  about  the  z 
axis  through  the  angle  6  using  the  rotation  matrix: 

cos(5)  —  sin(5)  61 

Rs  —  sin  ( 5 )  cos(5)  0|,  (21) 

0  0  1 


cr,  =  R„<r*R  t 


(22) 


FIG.  6.  Coordinate  system  for  BPA-I5C-PC  chemical  shielding  calcula¬ 
tions. 
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(23) 


<7,,  cos’(5)  +  a22  sin2(<$)  (<722  ~  an>i  sin(2(5)  0 

a,=  (a22  —  a,,)(  sin(2<5)  an  sin2(<5)  +  a22  cos2(<5)  0 

0  0  (73j. 

With  S  =  ir/3,  cos:(5)  =  1/4,  sin2(<5)  =  3/4,  and  sin(2<5)  =  (v/3  which  reduces  the  tensor  to 
'(<7,,  +  3<722)  iv/3(£722  -a,t)  0 

o-|=  0(<r22-ati)  J(3<7,,  +  £7,j)  0  •  (24) 

0  0  £7jj. 

The  second  unitary  transformation  involves  rotation  about  the  x'  axis  through  the  angle  a  which  is  used  to  introduce  the 
two  motions  (flips  and  librations)  as  well  as  describe  the  orientation  of  the  phenylene  ring: 

<72(a)  =  Raa{R  ~  1 ,  (25) 

10  O' 

Ra  =  0  cos(a)  —  sin(a)  ,  (26) 

.0  sin(a)  cos  (a) 

|(£7,,  +  3a22)  cos(a)jV3(ovj  -  a,,)  sin  (a  )|>/3  (cr22  —  <7,, ) 

<r2=  cos(a)\j3(cr22  —  <7,,)  cos2(ar)»(3<7,,  -t- <722)  +  sinJ(or)<7„  $ sin(2a) [|(3<7n  +  a22)  —  er33]  (27) 

,sin(a)J\/3(£r22  —  <7,,)  $  sin(2a)  [J(3<7U  -f-«722)  -<733]  sm2(a)J(3trn  +  <r22)  +  cos 2(ar)<r33_ 

We  shall  consider  the  effect  on  a2(a)  of  rr  flips  and  librations  about  the  C,C4  axis.  The  rr-flip  averaged  value  of  <r2(a)  is 
aKtp  =  j{<72(ar)  +  cr2(a  ±  »•)}  (28) 

i(<7|>  +  3t722)  0  0 

=  0  cos2(a)J(3er,,  +  <722)  +  sin2(a)«r33  J  sin(2a)  [J(3<7,,  +  cr22)  -  tr33]  (29) 

0  J  sin(2a)[^(3(7,|  +  <722)  —  <733]  sin^aOJOer,,  +  cr22)  +  cos2(a)a33. 

We  next  consider  the  effect  of  libration  on  this  matrix.  The  libration-averaged  value  of  a„,p  is  (cr2(a)): 

r  + /f°  + t*- 

aKipda/\  da,  (30) 

-  \L  /  Ja  —  | L 

where  L  is  the  amplitude  of  angular  libration.  Utilizing  this  yields 

(cos2 (a))  =j{l  +  cos(2a)sin(£)/L}  ,  (31) 

(sin2(a)>  =  j{l  —  cos(2a)sin(L)/£.}  ,  (32) 


(sin(2a))  =  sin(2a)sin(£)/£ , 


l(^ii  +  3<722  )  0  0 

0  J({1  +cos(2a)sin(£,)/Z,}j(3c7M  +  cr22)  {$ sin(2a)sin(£)/Z.}[i(3<7,,  +<722)  -<733  ] 

(<72)  =  +  (1  —  cos(2a)sin(£)/£}<733] 

0  {j  sin(2a)sin(£)/L}(J(3<7H  +  <722)  $[{l  —  cos(2a)sin(£)/£}j(3<7,,  +  c722) 

—  cr33]  4-  {l  4-  cos(2a)sin(£)/£}t733J 


To  allow  the  possibility  that  the  symmetry  axis  is  inclined  at  an  arbitrary  angle  to  the  static  field,  we  introduce  a  third 
unitary  transformation  permitting  rotation  about  the^'  axis  through  an  angle  9, 

<73  =  /?9<a2>/J<r',  (35) 

cos  (9)  0  —  sin(0) 

R0=  0  1  0  (36) 

sin(0)  0  cos  (9) 

The  matrix  resulting  from  the  third  transformation  is 


—  I  ffyx  ayy 
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'  with 


o„  =  cos2(0)i(oM  +  3cr,,)  +  sin2(0)|[{l  -  cos(2a)sin(L)/L}j(3an  +  o22)  +{l  +cos(2a)sin(I)/£.}<733]  ,  (37a) 
Oyy  =J({1  +  cos(2a)sin(Z.)/L}i(3<ru  +tr::)  +  0  -cos(2a)sin(L)/L}a}J  ,  (37b) 

azs  =sin:(0)i(tr,,  +  lo:2)  +  cos2(0)({{l  -  cos(2«  )sin(Z.  )//.}<  (3<7,,  +  o22)  +  {l  -+cos(2a)sin(Z.)/Z.}er33]  ,  (37c) 
°xy  —  Oyx  —  -sjn(0){uin(2oE)£in(L)/L}(i(3flr,,  +a„)  -  <r33  ]  ,  (37d) 

Oyz  ~  oiy  =  cos(0){l  sin(2ar)sin(L)/Z.}[j(3<7,,  +a22)  -  j  ,  (37e) 

-<r,x  =  Jsin(2(/){i(tf,l  +  3<r;,)  -  i{ { l  -  cos(2a)sin(I )/!}]( 3a, ,  +  o22)  +  {l  4C0£(2a)sin(£.)/L}c733]}  . 

(370 

The  angle  0  lies  between  the  symmetry  axis  and  the x"  axis.  Since  the  angle  between  the*'  axis  and  thez"  axis  is  rr/2, 
9  =  tt/2  —  P,  and  we  may  write  as 

cr,2(aJS)  =  cos2(  p)\(ou  +  3<r,,)  +  sin2  (/?)}[  {l  -  cos(2a)sin(I)/L}i(3<r,,  +  a22)  +{l  +cos(2a)sin(Z.)/Z.}<r33]  . 

(38) 

I - 


Thus  the  chemical  shielding  is  a  function  ofcr,,,  a22,  crn, 
L ,  a,  and  p.  Line  shape  studies1'5  have  set  the  first  four 
parameters,  and  through  a  and  p  we  may  specify  any  orien¬ 
tation  of  the  phenylene  ring  with  respect  to  the  static  mag¬ 
netic  field  and  the  corresponding  chemical  shift.  We  find 
three  instances  where  choices  of  a  and  P  result  in  unique 
values  of  the  shielding  relative  to  the  CSA  line  shape  as  indi¬ 
cated  in  Fig.  7.  For p  —  tt/2  and  a  =  0  we  obtain  maximum 
shielding,  oa  —  164  ppm.  By  a  rotation  of  rr/2  degrees 
through  a  while  keeping/?  =  n-/2  we  move  to  the  most  de- 
shielded  position,  o.2  =  10  ppm.  Thus  the  calculated 
linewidth  of  154  ppm  at  40  °C  is  in  excellent  agreement  with 
the  observed  linewidth.7  Finally,  phenylene  rings  with  their 
symmetry  axes  in  the  direction  of  the  field  (  /?  =  0)  over¬ 
whelmingly  but  not  completely  account  for  the  chemical 
shift  ou  =  34  ppm.  In  the  fully  relaxed  spectrum,  this  is  the 
position  of  maximum  intensity. 

CORRELATION  FUNCTIONS 


(r(t)  -V(/-r)-J> 

=  2>(r-  )r,~  lp(r„t  \rt  ,t  -  r)r~  3 ,  (39) 

>>J 

wher ep(r, )  is  the  probability  that  a  phenylene  group  is  in  the 
r,  orientation  and/>(r,,f  \ry,t  —  r)  is  the  conditional  probabil¬ 
ity  that  the  ring  was  at  orientation  ry  at  time  t  —  r,  given  that 
it  is  in  the  r,  position  at  time  I. 

The  correlation  function  for  phenylene  group  twofold 
anisotropic  internal  rotation  has  been  presented  by  Jones. 3fc 
The  time-dependent  probabilities  for  occupation  of  two  rota¬ 
tional  equilibrium  positions  are 

/>(/•,)  =  i,  (40a) 

P(r„t  |r,  ,t  -  r)  =  1  +  exp(  -  \r\/rk )  ]  ,  i  =j , 

(40b) 

p(r, ,t  | rt  ,t  -  r)  =  1  -  exp(  -  |r|/r*  )  ]  ,  i^j  . 

(40c) 


For  proton  relaxation,  correlation  functions  for  orienta¬ 
tion  variation  and  internuclear  distance  variation  must  be 
developed.  Only  the  former  aspect  is  required  in  carbon- 13 
calculations. 

The  approximate  twofold  flipping  motion  of  the  phenyl¬ 
ene  group  can  be  described  by  Gibby’s  formalism25  produc¬ 
ing  the  internuclear  distance  correlation  function: 


FIG.  7.  Chemical  shielding  anisotropy  spectrum  at  40  ’C  including  unique 
orientations  of  the  phenylene  ring 


The  parameter  rt  is  the  mean  time  between  jumps.  Illustrat¬ 
ing  the  computation: 


{r(t)~3r(t  —  r)-3)  =  jr,_3{[  1  +exp(  —  \r\/rk )  ]rf 3 

+  K  Ji[ 1  “  exP(  ~  M /r* ) ] rf 3 

+  Pf  3i[ 1  -  e*P(  -  k|/r*  )]Ti 

+  IT*  Ji( 1  -  exP<  ~  lrl/r* )  ]  rx  3  • 

(41) 


The  distances  r,  and  r2  correspond  to  minimum  and  maxi¬ 
mum  proton  separations,  respectively.  Since  the  minimum 
position  will  be  most  efficient  in  inducing  relaxation,  we  ne¬ 
glect  the  last  three  terms.  The  contribution  of  n  flips  to  the 
spectral  density  from  modulation  of  the  internuclear  dis¬ 
tance  yields: 

(rU)-lr(t-r)-})~  i  [1  -f  exp(  -  |r/r*  )  ]rt~  6  .  (42) 

The  correlation  function  associated  with  flips  of  the  azi¬ 
muthal  angle,  y, -  can  be  calculated  based  on  the  twofold 
flipping  motion.  Again  following  Gibby’s  formalism25: 
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<exp[  ±/my(/)]exp[  +  imy(t  -  r))> 

=  ^p(y> )e*p(  ±  i,nr,  )p(y,.‘  I y,,t  -  t) 

X  exp(  imyf )  .  (43) 

The  same  time-dependent  probabilities  for  occupation 
of  two  rotational  equilibrium  positions JA  are  employed  yield¬ 
ing 

_ _ _ I 


/>(?',)=!,  (44a) 

p(y„t  \r,  ,t  -  r)  =  ([  1  +  exp(  -  I  T\/Tk  )  ]  ,  /=;, 

(44b) 

p(r,,t  I y,  j  —  t)  — t[  i  -  exp(  -  | r\/rk ) ) ,  . 

(44c) 

Illustrating  the  computation: 


(exp(  ±  imy(t)  lexp{  ^  imy(t  -  r)]) 

=  Jexp(  ±imyi)\\  1  +  exp(  -  \  r\/rk)]exp(  +  imyK)  +  }exp(  ±  /my,)([  1  -  exp(  -  \r\/rk  )]exp(  ^imyz) 

+  l exp(  ±  imy2)([  1  -  exp(  -  |r|/r* )  jexp(  qz/mj',)  +  (exp(  ±  imy2)\[  1  +  exp(  —  \r\/rk )]  exp(  qz  imy2)  , 

(45) 

<exp[  ±  imy(t) |exp[  +imyU  -  r)|>  =  J[  I  +exp(  -  \r\/rk )]  +1(1  -  exp(  -  \r\/rk)]C,„  ,  (46a) 


where 

Cm  =exp(  ±/my,)exp(  q: imy2) .  (46b) 

For  exact  n  flips =  y:  ±  n  and  C,„  =  (  —  1  V".  How¬ 
ever,  line  shape  data1"5  indicates  a  range  of  positions  reached 
by  librational  motions  with  an  amplitude  for  phenylene 
group  libration  at  each  temperature  given  by 

L  =6.67r,/J-68.4,  (47) 

where  L  is  the  angular  amplitude  in  degrees  and  T  is  the 
temperature  (K).  Through  this  equation  Cm  acquires  tem¬ 
perature  dependence. 

When  a  ring  flips,  it  is  assumed  to  pass  from  any  position 
within  the  librational  range  around  the  first  minimum  to  any 
position  within  the  same  range  around  the  second  minimum. 
Thus  there  will  be  jumps  of  175*,  185",  etc.,  as  well  as  180* 
though  on  the  average  the  motion  corresponds  to  n  flips. 
Since  a  distribution  of  flip  angles  results,  a  composite  value 
ofCm(7j  is  sought. 

We  arrive  at  this  composite  by  allowing  jumps  of  equal 
probability  from  each  site  in  the  first  minimum  to  each  site  in 
the  second  minimum  and  vice  versa.  The  interval  between 
sites  in  both  minima  is  arbitrarily  set  at  one  degree,  which  is 
sufficiently  fine  to  avoid  graining  effects.  Finally  we  write 
the  generalized  flip  correlation  function  for  the  azimuthal 
angle  yh 

(exp[  ±/mjv(/)]exp[  qz  imyF(t  -  r)]> 

=  }[1  +Cm(D]  +  \[\  -Cm(r)]exp(-|r|/r*). 

(48) 

In  practice,  replacing  Cm  =  (  —  l)m  with  the  compos¬ 
ite  form  results  in  virtually  no  change  in  the  correlation  func¬ 
tion.  However,  since  the  composite  is  consistent  with  the 
overall  form  of  the  model  it  is  retained. 

The  correlation  function  associated  with  libration  will 
be  calculated  using  a  model  for  restricted  rotational  diffu¬ 
sion  of  a  dipole  pair  about  an  internal  rotation  axis. Mod¬ 
el  parameters  arc:  £>,,,  the  diffusion  constant  for  restricted 
diffusion,  and  L,  the  angular  amplitude  of  the  restricted  dif¬ 
fusion.  As  mentioned,  the  temperature  dependence  of  L  is 


I - 

known  from  line  shape  studies  and  thus  only  D„  remains  as  a 
variable. 

We  have  for  m  =  1  or  2: 

(exp[  ±  imyL(t)]exp[  +imyL(t  -  r)]> 

=  2(mL)  “■[  1  —  cos(mL)  ]  +  -  jr  {A  *  [cos(my)  ] 

2  ,  _  i 

+  /4*[sin(my)]}exp( -A„r)  (49a) 

with 

A  l  [cos(my))  +A  \  [sin(mr)I 

sin(mZ.  —  nn)  +  sin (mL  +  nn)  l2 
(mL  —  nn)  (mL  +  nn)  \ 

1  —  cos  (mL  —  ntr)  +  1  —  cos  (mL  4-  nn)V 

(mL  —  nn)  (mL  +  nn)  J 

(4%) 

and 

A„  =  (nn/L)2D„  .  (49c) 

The  dimension  of  L  is  radians,  Dir  is  expressed  in  s~ ',  and 
the  sum  over  the  index  n  typically  includes  eight  terms. 

DISTRIBUTION  OF  CORRELATION  TIMES 

In  bulk  polymers  inhomogeneous  packing  of  chains  or 
groups  of  chains  causes  a  distribution  of  spatial  sites  and 
correlation  times  for  dynamic  molecular  processes.  To  quan¬ 
tify  such  a  distribution  the  Williams-Watts  fractional  expo¬ 
nential  correlation  function  is  frequently  employed11 :4'7: 

♦(f)  =  exp(  —  (\T\/rp)a)  .  (50) 

The  parameter  a  controls  the  breadth  of  the  distribution  of 
correlation  times  and  rp~  ’  would  be  identified  with  the  n  flip 
rate  at  the  center  of  the  distribution.  Kaplan  and 
Garroway ,K  showed  that  the  above  equation  could  be  recast 
as  a  discrete  sum: 

<l>(r)  =  £  exp(  -  t/tk  )Pk  (51) 

*  «  i 

with 
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<|>(0)  =  2  Pk  =  i  (52) 

k  -  I 

In  practice  81  r^’s  were  used  (X'  =  81),  40  on  either  side 
of  t?.  This  follows  the  approach  of  Kaplan  and  Garroway 
wherein  two  rk ’s  cover  one  decade  of  time. 

Bendler  et  al.'1  developed  an  expansion  of  the  correla¬ 
tion  function  appropriate  for  a  values  between  about  0.09 
and  0.36.  The  expansion  satisfies  the  normalization  condi¬ 
tion  for  the  Pk ’s: 

Pk  =  1  log,. ( 10 )rkp„  {rk)  ( 53a ) 

and 

P„(rk)  =a/r/>(rk/Tpy  ‘exp(  -r^/r)))‘, 

X  1 1  —  aF ,  +  u2F,  -  a'F4  +  a4F5  —  •••], 

(53b) 


where 

F2  =  C/2(l-/i"),  (53 c) 

F,  =  £/j(  \~ip~a+p2a),  (53d) 

F,  =  U4(  1  -  Ip  "  +  6/i  2" -p  - J")  ,  (53e) 

F,=  (/,(  1  -  15/i*"  +  25p  *2a-  \0p-in  +p-*°) , 

(530 


£/,  =  0.577  216  65, 
£/,=  -  0.655  877  5, 


(53g) 

(53h) 


l/4  =  -  0.042  003  28,  (53i) 

(/,  =  0.166  538  57,  (53  j) 

with 

p  =  (Tp/Tk).  (53k) 

The  spin  diffusion  present  in  proton  relaxation  averages 
over  the  spatially  homogeneous  sites  so  an  essentially  homo¬ 
geneous  form  of  the  correlation  function  can  be  employed: 

(exp[  ±//n>v(r)]exp[  jp  imyF{t  —  r)]> 

=  t[l  +C„m  \  +([1  -Cm(F)]exp(  -  (\t\/tr  )°)  . 

(54) 

For  carbon- 13  relaxation  spin  diffusion  is  less  influential, 
and  the  inhomogeneous  form  is  retained: 

<exp[  ±  ;myf(/)]exp[  ^imyF(/-r)]) 

=  i[  1  +  Cm(D]  +([1  -C„(n]exp(  -  |r|/rt)  . 

(48) 


PROTON  SPECTRAL  DENSITIES 


With  the  requisite  correlation  functions  now  developed, 
we  turn  to  calculation  of  spectral  densities.  Let  us  begin  with 
consideration  of  the  proton  case  for  which  we  already  have 


and 


(r(t)-V(t-  r)-3)=:  Jrf  6[1  +  exp(  -  \r\/Tp)a] 

(42) 


r)>=  (  -  1  )m(  l/16ir){(3  cos2(0')  -  1  ]2  +  3  sin2  (20')  (exp  [  ±iyf(t)]exp[  :p  iyF(t  -  r)]  > 

X  (exp[  ±  iyL  ( f )  J  exp  [  +  iyL(l  -  r)]>  +  3sin4(0’)(exp[  ±  2iyt{t)\ 

Xexp[  +2f>v(f  -  r)])<exp[  ±  2tyt(f)]exp[  ^2ryL(t  -  r)]>}  (15) 

Equations  (4),  (5),  and  (8)  have  identified  proton  T„  Tt„,  and  the  spectral  density.  In  light  of  Eqs.  (42)  and  ( 15),  it  is 
convenient  to  define  a  correlation  function  specifically  for  proton  relaxation: 

*l>m(’')  =  {l  +exp(  -  \t\/t?  )"}{(exp[  ±  imyt  (t)]exp[  -p.imyf(t  -  r)]><exp[  ±  imyL  (t)]exp[  zfimyL(t  -  r)]>}  . 

(55) 

The  half-Fourier  transform  of  this  correlation  function,  j„  (<u),  can  be  related  to  the  earlier  spectral  density  Jm  (co)  [  Eq.  ( 8 )  ] : 
ym(rt>)3=f  <!>,„  (r)exp(t<ur)dr  (56) 


and 

Jm(co)  —  (/•,*  V64rr){(3  cos2(0')  —  1  ]2j0(o>)  +  3  sin2 (20  ')/,(«)  +  3  sin4(0') y2(cu)}  .  (57) 

Thus,  Eqs.  (4)  and  (5)  become 

1/T,  =  3/160  y4«2r,  fi{[3cos2(0')  -  \  \2  [  j,t(<o , )  +4y0(2(U,)]  +  3  sin2(20')  [y,(<w, )  +  4y,(2<y,)] 

I  3  sin'(fl')  [/.(<->,)  I  4y,(2«/)]}  .  <58> 

l/r,„  =3/16 Oy^frr,  ”{13  cos2(0 ’)  -  1  ]2[  1.5y„(<u, )  +  2.5y„(<u,)  +yn(2w,)]  +  3  sin2(20')  [ I.5y,(o>, ) 

+  2.5 +y,( 2(o,)]  ,  +  3sin4(0')[l.5y,(wJ  +  2.5  j2(a>,)  +y:(2u,)]}  .  (59) 

Let  us  evaluate  the  spectral  densities ym  (o>)  for  m  =  0,1,2.  For  m  =  0  we  consider  the  half-Fourier  transform  of  the 
fractional  exponential  correlation  function: 
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=  1/4(1  +  C,„  ( 7)  1  V  (-1;  (cos(my)|  +  A*  (sin(w)')|}{/{  „  '/[I  +  (a>/A„)2]  +2(mL)~:[l  -cos  (mL)] 

n  I 

K  AT  * 

x  X  tr*/[ 1  +  ):]}^  +  1/2  ^  X  {/I  Jfcosfmy))  ^  [sin(my)]}{r*B/[  1  +  ( o>r*„ ) 2  ]  }P* 

*  I  S  I  n  -  I 

+  1/2(1  -C,„CT)](2(mL)-2[\  -  cos(mL))  £  Ol/[  1  +  {ojt[  )2]  }Pk 


+  1/2  X  X  +^»(sin(w^)|}{r;„/[  1  +  (ftwl.)2]}^ ), 

A  I  n  l  / 


where 

=  (n)-'  +/i„  ,  (61b) 

ri -rt/2‘,,“»,  (61c) 

and 

K,)-1  =  (rl )"'  +/i„  ,  (6 Id ) 

A,  =  (nn/LV-D„  .  (61e) 

Again,  the  dimension  ofZ.  is  radians,  and  D„  is  expressed  in 
s  '.  A  loganihmic  plot  of  the  spectral  density  vs  Larmor 
frequency  with  and  without  the  librational  contribution  is 
shown  in  Fig.  8  for  the  parameters 


r.  =  (7  ±  4)  X  I0~ 17  s  , 

E„  =  46  ±  5kJ/mol , 
a  =  0.15  ±0.03, 

6 '  =  ?r/2  ±  jr/ 1 8  , 
r,  =  1.94  ±0.10  A, 

A,  =  1(1-47  ±0.40)  Xl06r-  (2.22  ±  0.50)  X  107  ]  s~ 1 . 

where  Tis  in  K.  A  semilogarithmic  plot  of  the  result  of  fit¬ 
ting  the  proton  data  is  shown  as  Fig.  9. 

Interchain  interactions  were  expected  to  have  a  proton 


r,  =0.36x10  "s, 
a  =  0.15  , 

D„  =  0.438  X  10*  s~ 1  , 

L  =  50*. 

These  7",  and  T  lp  equations  were  fitted  to  the  proton 
data  set  by  a  nonlinear  least-squares  program.  The  program 
adjusts  parameters  to  minimize  the  sum  of  squares  of  the 
percent  deviations  between  calculated  and  experimental  T , 
and  T ,p  values,  yielding  the  following  fitting  parameters: 


.M3  .0035  .004  .0043  .003  .0053  .001  .0003 


\n  (i/K) 


FIG.  8.  Logarithm  of  the  proton  spectral  density  vs  the  logarithm  of  fre-  FIG  9.  Logarithm  of  BPA-d6-PC  proton  7",  and  T,p  vs  I /T:  data  and  model 
quency  with  and  without  the  librational  contribution.  predictions 
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dipole-dipole  interaction  vector  inclined  at  approximately 
90*  to  the  1,4-phenyiene  axis/1'  since  this  would  correspond 
to  the  position  of  the  nearest  protons.  Allowing  this  param¬ 
eter  to  vary  leads  to  the  expected  value.  Note  that  the  same 
values  of  Ea ,  t„  ,  and  a  also  fit  the  carbon- 1 3  CSA  line  shape 
collapse  at  two  field  strengths.3'7 

CARBON-13  SPECTRAL  DENSITIES 

Carbon- 1 3  calculations  proceed  on  the  basis  of  an  inho¬ 
mogeneous  distribution  of  correlation  times,  giving  rise  to  a 
distribution  of  spin-lattice  relaxation  times  in  the  lab  and 
rotating  frames.  Schaefer  et  al. 14  have  shown  that  carbon- 1 3 
magnetization  decays  nonexponentially  because  of  a  distri- 
_ I 


bution  of  relaxation  times.  Equations  ( 6 ) ,  ( 7 ) ,  and  ( 8 )  have 
identified  carbon-13  T„  Tlp,  and  the  spectral  density.  In¬ 
cluding  contributions  from  phenylene  ring  libration  [Eqs. 
(49a)— (49c)  ]  and  approximate  v  flips  [Eq.  (48)],  we  de¬ 
fine  the  carbon- 13  correlation  function  as 

<t>„,  (r)=  (exp[  ±imyF(t)) 

Xexp[  :p imyF{t  —  r)]  >(exp[  ±/myL(r)] 

Xexp[  ^imyL(t  —  r)]>  .  (62) 

The  spectral  density  is  the  same  as  in  Eq.  (56),  except  that 
we  have  a  unique;^  for  each  correlation  time  rk .  We  calcu¬ 
late  the  carbon- 13  correlation  spectra)  distribution  function 
as 


Jmk(u)  =  j((*  +C~(r)]  £  UUcos(my)]  +  A  7  [sin(my)  ]}/l  -  '/[  1  +  (co/A„)2] 

+  [1  ~  Cm(r)]4(mL)"J[l  —  cos(mL)  ]r4/[  1  +  (n>rt)2] 

+  [1-C„,(7')]  £  ^  i  (c°s(mr)  1  +/l^(sin(my)]}rt„/[l  +  (n>rt„)2]^  ,  (63a) 

where 

(U.)-'  =  (rt)-‘  +  A.  , 

~  ( nir/L)2D„  . 

For  each  correlation  time  rk  the  equations  for  carbon- 1 3  7*,  [Eq.  (6)  ]  and  Tlp  [Eq.  (7)  ]  may  be  written 

l/ru  =  27/256  y2,  y2  A-V-*{ 3/4  sin4(  0)  j2k  (cos  -  co, )  +  sin2(20)  jik  (<os  -  co, ) 

+  3/2(1  -  cos4 (  0)  )j2k  (cos)  +  2[cos2(2£)  +  cos2(  0)  ]/u  (cos) 

+  3/4  [  l+6cos2(0)  +  co s4(  0)  )jlk  {eos+co,)  +  4(1-  cos4(  0) )  ju  (cos  +  co,)} 

and 

=27/256  y2  yi*VA{3/2  sin4(  0)  j2k  (<y, )  +  2sin2(20)yu(o»,)  +  3/2(  I  -  cos4(  0)  ]j2k(co,) 

+  2[cosJ(2 /?)  cos2(  0)  ]/,*(**,)  +  3/8 sin4 (  0)  jik  (<y5  -  co, )  +  ]sin2(2£)  j-k  (cos  -  co,) 

+  3/4(1  -cos4( 0)]j2k(cos)  +  (cos2(20)  +  cos2(0)  J jtk(as) 

+  3/8  ( 1  +  6  cos2(  0)  +  cos4(  0)  )j2k  (<us  +  w, )  +  2[  1  -  cos4(  0)  ]  jlk  (<ys  +  co, )}  . 


(63b) 

(63c) 


(64) 


Thus  at  each  angle  0,  the  lab  frame  relaxation  rate  is 
displayed  in  the  form  of  the  plot  of  log,  {(A  „  —  Ar  )/2 A  w  } 
vs  delay  time  r.  Thus  we  calculate 

log,{<^  -Ar)/2A  j 

=  lo^{  X  expf  "  T/T<k(0)]  F„J.  (66) 

This  equation  will  apply  to  the  intensity  of  certain  posi¬ 
tions  of  the  CSA  line  shape  corresponding  to  specific  values 
of 0  From  the  CSA  line  shape  and  proton  T,  and  TXp  inter¬ 
pretations  we  can  specify  all  model  parameters  needed  for 
carbon- 13  calculations  At  34  ppm  0  =  0,  and  we  compare 
data  and  theory  in  Fig.  2.  At  each  end  of  the  tensor  0  =  90, 
and  we  combine  this  data  to  check  the  theory  in  Fig.  3. 

The  carbon- 1 3  M  A  SS  data  of  Schaefer  can  be  compared 
with  the  prediction  based  on  the  same  correlation  function. 
The  MASS  Tlp  dispersion  is  calculated  by  summing  over  all 
orientations  and  this  result  then  is  compared  with  the  experi¬ 
mental  data  in  Fig.  10.  The  prediction  does  not  match  the 


data,  with  the  experimental  data  decaying  more  rapidly  and 
with  less  evidence  of  a  dispersion.  A  match  can  only  be  ob¬ 
tained  by  allowing  for  an  additional  relaxation  pathway  with 
a  single  exponential  time  constant,  Tx .  Adding  this  contribu¬ 
tion  to  the  relaxation  caused  by  molecular  motion  yields  the 
expression 


A(r)  =  J^0exp(  -  r/Tx) 


exp[  -r/TXpk{0)]  Pk 


Xsin  (0)d0.  (67) 

Allowing  Tx  to  vary  to  produce  a  good  fit  yields  a  time 
constant  of  2 1  ms  for  this  pathway.  This  indicates  that  about 
80%  of  the  carbon- 13  MASS  TXp  results  from  motions  con¬ 
sidered  in  the  model  and  20%  arises  from  another  source. 

Natural  abundance  carbon- 1 3  Tx  data  on  the  phenylene 
carbons  taken  under  MASS  conditions  was  also  measured  at 
62.9  MHz.  The  experimentally  determined  decay  curve  is 
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FIG.  10.  The  logarithm  of  the  amplitude  after  spin  lock  time  r  vs  r  for 
carbon- 1 3  spin-lattice  relaxation  in  the  rotating  frame  under  MASS  condi¬ 
tions  (  Kef  8)  Calculated  curves  show  predictions  with  and  without  T% 


compared  with  the  theoretical  curve  in  Fig.  4.  Again  as  with 
the  carbon- 13  MASS  T data  this  corresponds  to  a  sum 
over  all  orientations.  The  predicted  slope  is  approximately 
correct  though  the  data  indicates  a  greater  dispersion  than 
the  correlation  function.  This  difference  and  the  additional 
relaxation  pathway" will  be  considered  further  in  the  Dis¬ 
cussion  section. 

DISCUSSION 

The  description  of  motion  developed  here  in  the  form  of 
a  correlation  function  for  polycarbonate  provides  a  reasona¬ 
bly  successful  quantitative  summary  for  a  number  of  NMR 
experiments  including  proton  T,  and  T  ,p ,  carbon- 1 3  T,  and 
Tlp,  and  carbon-l3CSA  line  shapes.  This  same  description 
also  accounts  for  the  breadth  and  temperature  of  the  shear 
mechanical  loss  peak  measured  at  1  Hz.7 

The  geometry  of  motion  was  determined  as  jt  flips  and 
libration  bused  on  line  shape  collapse.  l  The  largely  tem¬ 
poral  description  of  ir  flips  given  here  was  determined  from 
the  carbon- 13  line  shape  collapse4  7  and  the  proton  Tlp  data. 
The  time  scale  of  the  librational  motion  was  mostly  deter¬ 
mined  by  the  proton  T,  data.  The  rotational  diffusion  con¬ 
stant  falls  in  the  range  of  10"  to  10'*  s~ 1  though  this  estimate 
is  probably  an  order  of  magnitude  estimate  since  the  libra¬ 
tional  motion  is  a  minor  contribution  even  to  the  proton  Ty 
at  90  MHz.  The  librational  contribution  to  the  proton  T,  is 
shown  relative  to  the  observed  relaxation  times  in  Fig.  9  and 
it  can  be  seen  as  a  small  contribution  except  at  the  highest 
temperatures. 

The  librational  aspects  can  be  checked  by  the  carbon- 1 3 
F,  data  since  it  is  also  a  fairly  significant  contributor  to  this 


data  as  well.  For  the  carbon- 1 3  Tt  data  taken  across  theCSA 
tensor  on  the  enriched  sample  there  appears  to  be  good 
agreement  between  the  prediction  based  on  the  motional  de¬ 
scription  and  the  experimental  decay  curve  as  shown  in  Figs. 
2  and  3.  There  are  deviations  in  the  decay  curves  at  long 
times,  beyond  2  s,  and  the  most  likely  cause  is  spin  diffusion 
among  the  carbon- 1 3  sites.  Apparently  spin  diffusion  from  a 
slowly  relaxing  site  to  a  rapidly  relaxing  site  offers  a  new 
pathway  in  the  enriched  samples  at  delay  times  in  the  3  to  4  s 
range.  This  would  indicate  the  rapidly  and  slowly  relaxing 
sites  are  only  5  to  10  A  apart  which  corresponds  to  hetero¬ 
geneity  in  a  very  local  scale,40  i.e.,  rigid  and  mobile  regions  in 
very  close  proximity. 

While  the  decay  curve  for  data  on  the  enriched  sam¬ 
ples  shows  less  heterogeneity  than  the  motional  description, 
the  decay  for  the  MASS  T,  shows  a  greater  heterogeneity 
than  the  motional  description.  A  reduction  in  the  estimate  of 
D,r  by  a  factor  of  2  or  3  would  result  in  a  decay  curve  closely 
matching  the  experimental  curve  in  both  rate  and  dispersion 
characteristics.  The  estimate  of  D,r  was  developed  primarily 
from  the  temperature  dependence  of  the  proton  T,  data  as¬ 
suming  an  amplitude  of  libration  given  by  the  carbon- 13  line 
shape  data.  Actually  the  carbon- 13  line  shape  data  only  de¬ 
termines  the  librational  amplitude  well  for  temperatures 
above  20  °C  since  below  that  temperature  the  rate  of  the  ir 
flip  process  primarily  determines  the  line  shape.  The  tem¬ 
perature  dependence  of  the  amplitude  observed  from  20  to 
+  120  is  extrapolated  to  the  region  0  to  —  120  and  this 
yields  a  successful  line  shape  simulation.  The  point  is  that 
the  amplitude  in  0  to  —  120  range  is  somewhat  uncertain 
and  the  librational  contribution  to  the  proton  T,  is  a  second¬ 
ary  factor  so  the  overall  determination  of  D,r  is  an  order  of 
magnitude  estimate.  Within  this  range  of  accuracy  the  car¬ 
bon-13  T,  MASS  data  agrees  with  the  overall  description  of 
the  dynamics  though  the  data  points  to  a  somewhat  slower 
librational  motion  than  estimated  from  the  proton  data. 

One  of  the  new  aspects  to  come  out  of  this  more  com¬ 
plete  interpretation  is  the  diffusion  constant  for  the  libra¬ 
tional  motion,  D,r  which  takes  on  values  in  the  range  of  10“ 
to  1 0V  s —  1 .  These  values  are  indicative  of  restricted  rotation 
as  opposed  to  oscillation  since  true  torsional  oscillation 
would  be  expected  to  fall  at  much  higher  frequencies.  The 
time  scale  of  this  libration  is  too  fast  to  be  associated  with 
mechanical  processes  such  as  the  low  temperature  loss  peak. 
However,  the  motion  is  very  similar  to  restricted  rotation 
observed  in  solution  in  polycarbonates  where  the  rotational 
restriction  arises  from  intramolecular  steric  factors.  A  com¬ 
parison  of  the  time  scale  and  temperature  dependence  of  li¬ 
bration  in  bulk  polycarbonate  with  that  observed  in  solution 
for  substituted  polycarbonates  is  contained  in  Table  I.  The 
similarity  is  surprising  since  the  source  of  the  interactions 
restricting  rotations  differs.  In  solution,  unsubstituted  poly¬ 
carbonates  undergo  stochastic  rotation  about  the  twofold 
axis  with  a  correlation  time  of  a  few  nanoseconds,  and  bar¬ 
rier  heights  of  1 3  to  20  kJ  which  includes  a  contribution  from 
solvent  drag.  In  the  substituted  polycarbonates,  complete 
rotation  slows  and  restricted  rotation  becomes  the  primary 
process  contributing  to  r,.4M2  The  time  scale  for  the  re¬ 
stricted  rotation  remains  on  the  nanosecond  time  scale  so 
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TAM-E  I.  Phenylene  ring  libralion  in  several  polycarbonates.  Time  scale 
ami  lempcralurc  ilepemience  of  libralion  in  bulk  lil’A-i'C  vs  dissolved  and 
substituted  polycarbonates. 
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"Structures  for  these  polycarbonate  analogs  are  shown  in  Fig  I. 
"From  Refs.  41  and  42 


one  might  surmize  that  the  potential  is  similar  to  a  square 
well  with  rotational  diffusion  occuring  in  the  bottom  of  the 
well  but  extending  over  a  range  less  than  complete  anisotrop¬ 
ic  rotation  because  of  a  rapid  rise  in  the  potential  when  the 
steric  hindrance  of  the  substituents  comes  into  play.  Similar¬ 
ly,  in  bulk  polycarbonate,  restricted  rotational  diffusion  oc¬ 
curs  in  the  nanosecond  region  over  a  certain  angular  range. 
The  angular  range  is  now  determined  by  intermolecular  in¬ 
teractions  which  must  enter  the  potential  rather  rapidly  but 
do  not  greatly  change  the  rotational  environment  inside  the 
range  over  which  the  restricted  rotation  is  observed.  The  fact 
that  the  amplitude  of  restricted  rotation  grows  with  T 1/2 
dependence  and  does  not  go  to  zero  amplitude  at  absolute 
zero  remains  as  a  point  for  further  consideration. 

The  observed  carbon- 13  77 s  at  different  points  across 
theCSA  tensor  are  all  near  1  s,  though  since  there  is  a  disper¬ 
sion  of  relaxation  times  the  decay  rate  cannot  be  character¬ 
ized  by  a  single  time  constant.  The  near  total  lack  of  an  orien¬ 
tation  dependence  is  reproduced  by  the  correlation  function 
developed  to  summarize  the  dynamics  as  shown  in  Figs.  2 
and  3.  If  a  single  exponential  correlation  time  for  the  rr  flip 
process  characterized  the  dynamics,  a  reasonably  strong  de¬ 
pendence  of  relaxation  on  orientation  would  be  expected  as 
shown  in  Table  II.  It  is  clear  that  this  orientational  depen¬ 
dence  is  obscured  by  the  distribution  of  correlation  times 
arising  from  heterogeneity  of  the  glass.  This  effect  may  be 
generally  evident  in  systems  exhibiting  dynamic  behavior  of 
a  distributional  character. 

As  mentioned  in  the  interpretation,  it  was  necessary  to 
introduce  another  relaxation  pathway  to  produce  agreement 
between  the  observed  natural  abundance  carbon- 13  MASS 


TABLE  II.  Prediction  of  the  orientation  dependence  of  a  carbon- 1 3  Tlp  at 
28  kHz  based  on  rr  flips  with  a  single  correlation  time  of  100  ns  and  no 
libralion. 
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7*l(,  and  the  dynamic  description.  The  T,0  dispersion  in  the 
natural  abundance  data  is  considerably  reduced  from  the 
prediction  based  on  the  inhomogeneous  distribution.  This 
loss  of  inhomogeneous  character  which  is  specific  to  the  car¬ 
bon  Tlp  data  and  not  the  carbon  T,  data  must  derive  from  a 
source  which  selectively  influences  the  Tlp  behavior. 

At  least  two  possible  sources  of  an  additional  relaxation 
pathway  can  be  envisioned.  In  Schaefer’s  motional  interpre¬ 
tation  of  glassy  polycarbonate,  main-chain  wiggling  is  pro¬ 
posed41  but  such  a  motion  has  not  been  included  in  the  mo¬ 
tional  description  presented  here.  Main-chain  wiggling  is 
also  suggested  to  occur  in  the  kHz  frequency  regime  so  that 
it  would  contribute  more  to  the  carbon- 13  Tlt,  and  less  to 
carbon- 13  Tl  thus  providing  th :  source  of  relaxation  needed 
to  reconcile  the  correlation  and  the  carbon- 13  T]p  data.  One 
would  think  that  proton  T[p  data  at  the  same  temperature 
would  be  equally  affected  by  main-chain  wiggling  but  this 
data  served  as  the  primary  temporal  basis  for  our  quantita¬ 
tive  description  and  main-chain  wiggling  was  not  intro¬ 
duced. 

An  alternative  explanation  for  the  additional  relaxation 
pathway  is  a  spin-dynamics  contribution.20  In  fairly  rigid, 
tightly  proton  dipolar  coupled  polymeric  systems,  an  addi¬ 
tional  spin-spin  pathway  through  the  proton  reservoir  has 
been  identified.  The  time  constant  for  this  pathway  is  re¬ 
ferred  to  as  which  would  be  identified  with  Tx  of  Eq. 
(67).  This  pathway  would  not  contribute  to  carbon-13  T 
nor  to  either  proton  T ,p  or  T,  relaxation.  The  radio  field 
strength  dependence  of  the  carbon- 13  Tlp  has  been  ob¬ 
served"  and  is  not  indicative  of  a  single  time  constant  spin- 
spin  relaxation  pathway.  Schaefer14  has  placed  an  experi¬ 
mentally  determined  upper  bound  for  the  spin-spin  transfer 
rate  of  50  ms  which  is  a  little  more  than  twice  the  21  ms 
estimated  here.  An  additional  theoretical  estimate  can  be 
made  using  equations  presented  by  Schaefer44  or  by  Cheung 
and  Yaris46  in  combination  with  data  given  by  Schaefer46 
and  such  an  estimate  is  a  factor  of  50  greater  than  the  2 1  ms 
value. 

The  inability  to  cleanly  interpret  the  carbon- 13  7*,^  data 
with  the  same  approach  which  accounts  for  other  relaxation 
data  is  disconcerting  though  as  mentioned  about  80%  of  the 
carbon  Tip  relaxation  is  predicted  by  the  model.  Stated  in  a 
positive  fashion,  the  correlation  function  presented  here 
does  account  for  the  carbon- 13  chemical  shift  anisotropy 
line  shape  collapse  as  a  function  of  temperature,7  proton  T , 
and  T  Xp  over  more  than  a  200  deg  range,  and  carbon- 13  T, 
data  both  across  the  chemical  shift  anisotropy  pattern  and 
under  MASS  conditions. 

The  correlation  function  developed  for  this  interpreta¬ 
tion  includes  v  flips  of  the  phenylene  group  and  phenylene 
group  libration  about  the  same  axis  with  a  number  of  asso¬ 
ciated  parameters.  The  geometry  of  the  n  flip  process  and  the 
angular  amplitude  of  the  libration  is  determined  from  the 
line  shape  process.  The  temporal  aspects  of  the  v  flip  process 
at  a  given  temperature  requires  assignment  of  a  correlation 
time  and  a  breadth  parameter,  the  latter  being  the  fractional 
exponent  in  the  Williams-Watts  function.  At  each  tempera¬ 
ture  the  assignment  of  actual  numbers  is  made  to  match  the 
state  of  the  line  shape  collapse  and  the  proton  T  lp  value.  The 
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temporal  aspect  of  the  libration  is  set  primarily  from  the 
proton  r,  value,  though  this  relaxation  time  is  still  dominat¬ 
ed  by  the  ir  flip  process  and  thus  must  agree  with  the  descrip¬ 
tion  of  the  i t  flip  process.  The  carbon- 1 3  Tt  data  provides  a 
check  of  the  assignment  of  the  ir  flip  and  librational  param¬ 
eters  since  these  are  interpreted  without  further  adjustment. 
In  this  sense,  the  model  parameters  are  overdetermined  by 
the  data  base. 

The  same  temporal  description  of  the  ir  flip  process  also 
predicts  the  position  and  breadth  of  the  shear  mechanical 
loss  peak7  which  is  a  reassuring  check  of  the  model.  Along 
this  same  line,  the  apparent  activation  energy  of  the  correla¬ 
tion  time  in  the  fractional  exponential  matches  that  deduced 
from  shear  mechanical  data. 
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Local  Intcrmolccular  Structure  in  an 
Antiplasticized  Glass  by  Solid-State  NMR 

An  antipiasticized  glass  is  a  combination  of  a  polymer 
with  a  low  molecular  weight  diluent  which  results  in  a 
material  with  a  higher  modulus.1-2  The  increase  in  modulus 
is  associated  with  a  suppression  of  local  chain  motion,3  and 
this  suppression  can  sometimes  be  directly  observed  as  the 
disappearance  of  a  low-temperature  mechanical  loss  peak0 
or  as  the  slowing  of  a  specific  local  reorientation  in  a 
solid-state  NMR  spectrum.5-8 

(a) 


<’!:•> 


mi*  time 


Figure  1.  (a)  Solid-state  carbon-13  MASS  pulse  sequence  for 
the  measurement  of  spin  diffusion.  The  pulse  sequence  begins 
with  the  normal  cross  polarization  procedure.  The  first  ir/2  carlxrn 
pulse  creates  magnetization  and  the  DANTR  sequence  selectively 
inverts  the  luiieled  magnetization.  The  mix  lime  allows  for  spin 
diffusion  lietween  the  inverted  peak  and  the  remaining  resonances. 
The  last  x/2  carbon  pulse  just  places  magnetization  in  the  xy  plane 
for  detection,  (b)  Solid-state  carbon- 13  MASS  pulse  sequence 
for  the  measurement  of  spin-lattice  relaxation. 


Several  mechanisms  have  been  suggested  for  the  increase 
in  modulus  and  the  associated  suppression  of  sub-glass 
transition  motion.  A  densification  of  the  antipiasticized 
polymer  is  often  noted3-4  that  is  identified  with  a  loss  of 
free  volume  and  thus  a  suppression  of  motion.  At  first 
glance,  the  addition  of  a  low  molecular  weight  diluent 
would  be  expected  to  increase  free  volume.  Since  just  the 
opposite  is  observed  for  antiplasticizer,  this  type  of  diluent 
is  supposed  to  go  into  the  “holes"  in  the  amorphous  glass 
so  as  to  alter  the  free  volume  distribution.5 

To  a  certain  extent,  this  explanation  begs  the  question 
since  it  does  not  clearly  identify  the  property  that  distin¬ 
guishes  a  plasticizer  from  an  antiplasticizer.  Some  in¬ 
vestigators  have  proposed  specific  interactions  between  the 
polymer  and  the  diluent  as  the  key  property  of  an  anti- 
plasticizer.3,4,7  It  is  the  purpose  of  this  report  to  seek 
evidence  for  such  a  specific  interaction  by  the  presence  of 
a  preferred  position  of  the  antiplasticizer  relative  to  the 
polymer  repeat  unit.  The  system  to  be  examined  is  po¬ 
lycarbonate  (BPA-PC)  and  di-n-butyl  phthalate  (DBP). 
The  diluent,  DBP,  acts  as  an  antiplasticizer  at  low  con¬ 
centrations  and  a  plasticizer  at  high  concentrations.8 

The  experimental  approach  for  the  determination  of 
local  structure  will  be  carbon-13  spin  diffusion  between 
a  labeled  site  on  the  DBP  and  various  natural  abundance 
sites  in  the  BPA-PC  repeat  unit  Carbon-13  spin  diffusion 
experiments  have  been  developed8,10  and  have  been  used 
to  demonstrate  intimate  mixing  in  blends.11  However,  no 
observation  of  spin  diffusion  has  been  made  prior  to  this 
report  which  shows  specificity  at  the  level  of  chemical 
structure  in  an  amorphous  glass.  Atomic  site  selectivity 
within  a  polymeric  repeat  unit  has  however  been  suggested 
as  a  desirable  possibility  in  carbon-13  spin  diffusion  ex¬ 
periments.11 

Carbon-13  labeled  DBP  enriched  at  one  of  the  carbonyl 
sites  was  prepared  from  phthalic  acid-or-13C  (99%)  ob¬ 
tained  from  Merck,  Inc.  The  phthalic  acid  was  esterified 
with  unlabeled  1-butanol.  Diluent  samples  of  10  and  25 
wt  %  were  prepared  by  dissolving  DBP  and  BPA-PC  in 
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dichloromethane  followed  by  evaporation.  Unlabeled  DBP 
waa  also  combined  with  BPA-PC  in  the  same  manner. 

The  one-dimenaional  solid-state  magic-angle  sample 
spinning  NMR  pulse  sequence  used  to  detect  spin  diffusion 
is  shown  in  Figure  1.  The  time  course  of  the  experiment 
is  conveniently  divided  into  four  periods,  analogous  to 
two-dimensional  NMR  experiments.1*  In  period  1,  car¬ 
bon-13  magnetization  is  prepared  by  using  standard  cross 
polarization  techniques.  The  phase- alternated  90s  pulse 
duration  was  typically  5.5  ms,  and  the  spin-lock  and  contact 
pulses  were  2  ms  in  duration.  At  the  end  of  the  cross 
polarization,  the  enhanced  carbon  magnetization  is  aligned 
along  the  x  axis.  A  90°  pulse  is  then  applied  along  the  y 
axis,  rotating  the  magnetization  parallel  to  the  z  axis.  At 
the  beginning  of  the  evolution  period,  a  DANTE  pulse 
train  is  used  to  selectively  invert  the  peak  corresponding 
to  the  labeled  carbon.*  This  is  accomplished  by  centering 
the  radio-frequency  field  at  the  selected  peak  and  applying 
18  pulses  of  0.8-ms  width  with  a  pulse  interval  spacing  of 
75  ms.  Hence  the  total  time  duration  of  the  pulse  train  is 
1.3  ms.  These  parameters  correspond  in  the  frequency 
domain  to  a  series  of  pulse  sideband;  with  a  spacing  of  13.3 
kHz,  an  excitation  width  of  approximately  670  Hz,  and  a 
resulting  flip  angle  of  180°.  Since  the  spectrum  width  is 
25  kHz,  only  the  selected  peak  is  maximally  affected  by 
the  DANTE  pulse  train.  In  addition,  protons  are  decou¬ 
pled  during  this  period  in  order  to  prevent  spin  diffusion 
from  occurring.13  During  the  mixing  period,  the  proton 
decoupler  is  turned  off,  broadening  the  carbon  line  widths 
and  causing  the  peaks  to  overlap.  Carbon-13  magnetiza¬ 
tion  relaxes  by  spin  diffusion  and  spin-lattice  relaxation 
during  this  period.  A  90°  pulse  (phase  alternated  in 
parallel  with  the  initial  90°  pulse  in  the  preparation  period) 
then  rotates  the  magnetization  into  the  xy  plane  for  de¬ 
tection.  Any  nonlinear  effects  of  the  DANTE  sequence 
will  be  constant  for  different  mixing  periods  and  thus 
decay  times  will  be  essentially  unaffected. 

T,  experiments  are  performed  on  unlabeled  DBP- 
BPA-PC  blends  by  using  the  same  sequence  as  the  spin 
diffusion  experiment  but  without  the  DANTE  pulse  train. 
The  pulse  sequence  is  essentially  identical  with  that  de¬ 
scribed  by  Torchia14  for  measuring  Tx  and  is  shown  in 
Figure  1. 

A  Bruker  WM-250  spectrometer  with  an  IBM  solids 
accessory  module  was  used  to  perform  carbon- 13  magic- 
angle  sample  spinning  experiments  at  62.9  MHz.  The 
magic-angle  spinning  rate  was  3.5  kHz,  and  the  measure¬ 
ments  were  made  at  ambient  temperature  (21  °C).  In 
order  to  perform  these  experiments,  two  modifications  of 
the  IBM  solids  accessory  were  required.  The  noise¬ 
blanking  circuitry  was  modified  to  allow  the  application 
of  multiple  pulses  in  the  carbon- 13  transmitter  channel. 
Without  this  modification,  the  length  of  the  DANTE  pulse 
sequence  and  the  mixing  time  are  severely  constrained. 
Furthermore,  a  safety  feature  limiting  the  total  time  span 
of  any  single  experiment  to  approximately  1  s  was  altered 
to  permit  single  experiments  requiring  up  to  10  s.  This 
is  necessary  to  obtain  data  with  mixing  times  greater  than 
1  s. 

A  spectrum  for  the  antiplasticized  polycarbonate  is 
shown  in  Figure  2  along  with  peak  assignments.  The 
spectra  generated  by  a  typical  one-dimensional  spin  dif¬ 
fusion  experiment  are  shown  in  Figure  3  where  the  labeled 
peak  is  inverted  and  the  intensities  of  the  BPA-PC  reso¬ 
nances  are  monitored  as  a  function  of  mix  time.  Figure 
4  displays  several  decay  curves  of  signal  amplitude  vs.  mix 
time  for  some  of  the  resonances  corresponding  to  single 
BPA-PC  atomic  sites.  These  data  are  compared  with  the 
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Figure  2.  MASS  spectrum  of  polycarbonate  antiplasticized  with 
di-n-butyi  phthalate.  Various  resonances  are  identified  with  the 
molecular  structure.  (Chemical  shifts:  Clt  167;  C2,  149;  Cj,  127; 
C«,  120;  Cs,  62;  Cs,  42;  C7,  31;  Cs,  13  ppm).  Note  that  peak  2  is 
a  composite  of  three  chemically  distinct  carbons  that  can  be 
resolved  in  solution. 


Figure  3.  Typical  spectra  obtained  during  the  spin  diffusion 
experiment  with  inversion  of  the  labeled  carbon  site. 

decay  of  signal  amplitude  observed  in  the  experiment 
on  the  same  sites  in  the  comparable  unlabeled  sample. 

The  presence  of  spin  diffusion  is  indicated  by  an  ac¬ 
celerated  decay  rate  of  the  magnetizations  of  BPA-PC  sites 
in  the  DANTE  experiment  relative  to  the  decay  rate  ob¬ 
served  in  the  simple  T,  experiment.  This  is  clearly  seen 
in  Figure  4a  where  the  quaternary  aliphatic  carbon  in  the 
25  wt  %  sample  decays  more  rapidly  in  the  experiment 
with  the  inverted  DBP  carbonyl  magnetization  than  in  the 
simple  T,  experiment.  The  change  in  decay  rate  can  be 
roughly  quantified  by  fitting  both  types  of  decay  curves 
to  a  single-exponential  time  constant  over  equivalent  time 
regimes  with  the  typical  linear  least-squares  procedure. 
Since  some  of  the  decay  curves  are  nonexponential,  this 
procedure  is  only  suitable  for  qualitative  comparisons,  and 
the  resulting  time  constants  are  listed  in  Table  I. 

A  perusal  of  the  decay  curves  in  Figure  4  and  the  decay 
rates  in  Table  1  shows  a  clear  difference  between  the  10 
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Figure  4.  Decay  curves  observed  in  the  spin  diffusion  experiment 
(a)  with  the  labeled  DBP  and  the  spin-lattice  relaxation  ex¬ 
periment  (A)  with  unlabeled  DBP:  (a)  amplitude  of  the  BPA-PC 
quaternary  aliphatic  carbon  resonance  at  25  wt  %  DBP;  (b) 
amplitude  of  the  BPA-PC  protonated  aromatic  carbon  (4)  reso¬ 
nance  at  25  wt  %  DBP;  (c)  amplitude  of  the  BPA-PC  quaternary 
aliphatic  resonance  at  10  wt  %  DBP. 

wt  %  sample  and  25  wt  %  sample.  In  the  plasticized 
sample  at  25  wt  %,  resolved  lines  corresponding  to  the  two 
protonated  aromatic  peaks  and  the  quaternary  aliphatic 
peak  all  show  significant  spin  diffusion  in  the  form  of  an 
increased  decay  rate  in  the  DANTE  experiment  on  the 
labeled  system  relative  to  the  T ,  experiment  on  the  un¬ 
labeled  system.  This  indicates  molecular  level  mixing  with 
spatial  proximity  on  a  distance  scale  of  angstroms."  At 
the  lower  concentration  of  10  wt  %,  corresponding  to  an- 
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Table  1 

Decay  Timet  (in  i) 

25  wt  %  DBP  10  wt  %  DBP 


BPA-PC  site 

DANTE 

r, 

DANTE 

T, 

methyl 

0.08 

0.11 

0.08 

0.09 

quaternary 

aliphatic 

1.59 

3.37 

3.23 

3.13 

phenyl  3 

1.77 

4.99 

1.83 

5.05 

phenyl  4 

1.90 

4.89 

1.95 

4.70 

Figure  5.  Pictorial  representation  of  the  relative  location  of  DBP 
to  the  repeat  unit  of  BPA-PC.  The  heavy  lines  indicate  inter- 
molecular  distance  from  the  labeled  carbonyl:  rI3  is  to  the  pro¬ 
tonated  aromatic  carbon  nearest  the  quaternary  aliphatic  carbon, 
ru  is  to  the  protonated  aromatic  carbon  nearest  the  carbonate 
group,  and  r16  is  to  the  quaternary  aliphatic  carbon.  The  location 
of  DBP  is  such  that  r„  >  rI9  >  ru,  in  agreement  with  the  observed 
spin  diffusion  rates.  The  asterisk  indicates  the  labeled  carbonyl. 

tiplasticization,  the  relative  rate  situation  to  the  several 
BPA-PC  sites  is  distinctly  different.  Significant  spin 
diffusion  is  still  seen  for  the  two  protonated  aromatic  sites, 
but  little  spin  diffusion  is  noted  at  the  quaternary  aliphatic 
site.  This  distinction  between  the  aromatic  and  the  ali¬ 
phatic  sites  is  evident  in  Table  I  or  the  decay  curves. 

We  believe  the  change  in  spin  diffusion  between  the  10 
wt  %  case  and  the  25  wt  %  case  reflects  a  change  in  the 
level  of  structurally  specific  relative  positions  between  an 
antiplasticized  system  and  a  plasticized  system.  Spin 
diffusion  is  determined  by  several  factors  including  spatial 
proximity,  relative  orientation,  and  overlap  of  line  shapes." 
Since  an  amorphous  glass  is  under  study,  a  sum  over  all 
orientations  is  observed,  removing  this  as  a  possible  source 
of  the  difference.  Changes  in  the  overlap  of  line  shapes 
are  an  unlikely  source  of  the  difference  since  the  quater¬ 
nary  aliphatic  line  shape  would  be  the  same  at  10  and  25 
wt  % ,  both  of  which  are  glasses  at  room  temperature.  If 
anything,  the  line  width  at  25  wt  %  should  be  reduced, 
assuming  enhanced  mobility  in  the  plasticized  regime,  but 
this  is  where  more  spin  diffusion  is  observed.  This  leaves 
spatial  proximity  as  the  remaining  factor,  and  indeed  spin 
diffusion  depends  on  distance  to  the  minus  sixth  power, 
which  could  certainly  lead  to  pronounced  effects. 

If  spatial  proximity  is  the  controlling  factor,  then  the 
labeled  carbonyl  of  DBP  must  be  closer  to  the  quaternary 
aliphatic  carbon  on  the  average  in  the  25  wt  %  case  than 
in  the  10  wt  %  case.  Spin  diffusion  to  the  protonated 
aromatic  carbons  is  still  seen  at  10  wt  %  just  as  it  is  at  25 
wt  % ,  so  the  spatial  proximity  to  the  phenylene  groups 
must  persist  at  10  wt  %.  Thus  the  carbonyl  ester  of  DBP 
must  be  near  the  phenylene  groups  but  removed  from  the 
quaternary  aliphatic  site  at  10  wt  %.  At  25  wt  %  this 
intermolecular  structural  specificity  is  lost  and  the  labeled 
carbonyl  is  near  both  the  phenylene  and  quaternary  ali¬ 
phatic  sites. 

Figure  5  depicts  the  position  of  the  labeled  DBP  car¬ 
bonyl  at  10  wt  %  relative  to  the  BPA-PC  repeat  units  so 
that  spatial  proximity  to  the  phenylene  groups  is  maxim- 
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ized  while  spatial  proximity  to  the  quaternary  aliphatic 
group  is  minimized.  This  picture  is  a  greatly  simplified 
representation  and  the  proposed  order  is  also  localized. 
However,  the  spatial  criteria  for  the  placement  of  the  DBP 
carbonyl  derived  from  spin  diffusion  lead  to  a  location  of 
this  functional  group  near  the  carbonate  of  BPA-PC.  This 
is  consistent  with  the  presence  of  a  specific  interaction 
between  the  antiplasticizer  and  the  polymer  as  postulated 
in  some  of  the  classic  models  of  antiplasticization.3  * 7 

At  higher  concentrations  of  DBP  structurally  selective 
spin  diffusion  is  not  observed  and  plasticization  behavior 
commences.  This  indicates  a  loss  of  specific  relative  spatial 
positioning,  and,  in  our  view,  this  corresponds  to  the 
presence  of  DBP  molecules  near  BPA-PC  units  that  are 
not  at  a  specific  relative  position  and  are  not  interacting 
with  a  particular  functional  group  of  the  BPA-PC  unit  in 
question.  The  presence  of  nonspecificaily  interacting  di¬ 
luent  is  the  cause  of  the  onset  of  plasticization  behavior, 
again  in  agreement  with  the  premise  of  certain  of  the  an¬ 
tiplasticizer-plasticizer  models.3*'7 

In  this  report  we  have  qualitatively  connected  struc¬ 
turally  selective  spin  diffusion  with  preferential  disposition 
of  diluent  molecules  relative  to  the  polymer  chain  in  an 
antiplasticized  glass.  Currently  a  more  quantitative  ap¬ 
proach  involving  numerical  analysis  of  the  decay  curves 
based  on  coupled  differential  equations  describing  the 
concurrent  contributions  of  spin-lattice  relaxation  and  spin 
diffusion'1  in  conjunction  with  a  lattice  model  to  count 
diluent-polymer  contacts  is  under  development.  At  this 
stage,  carbon-13  spin  diffusion  appears  to  be  at  least  ca¬ 
pable  of  identifying  local  structure  in  multicomponent 
amorphous  glasses.  The  method  holds  promise  for  the 
determination  of  intermolecular  structure  in  other 
amorphous  systems  such  as  polymer  blends  where  local 
interactions  are  presumed15  but  only  identified  in  special 
cases  such  as  hydrogen  bonding.16  More  detailed  models 
of  intermolecular  structure  could  result  from  a  quantitative 
analysis  of  spin  diffusion  and  from  studies  involving  la¬ 
beling  several  chemical  positions  of  a  given  component. 
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INTRODUCTION 

Tha  aobllltr  of  aorbad  gases  In  polraara  ta  an  Inter¬ 
esting  scientific  problem  with  laportant  technological  lm- 
pll cat Iona.  Conalderabla  affort  haa  baan  invested  In  under¬ 
standing  tha  aorptlon,  dlffualon,  paraaablllty  and  para* 
selectivity  of  gaaaa  In  polraara.  Tha  lapatua  for  tha  work 
coaaa  froa  application  of  polyaara  In  get  reparation1  and  In 
packaging.2 

Ac  praaant  thara  la  dlaagraaaant  about  tha  daacrlptlou 
of  tha  atata  of  aorbad  gaa  In  glaaay  polyaara.  Two  and*!* 
aabody  tha  currant  controversy:  Cha  dual-mode  modal3"'  and 
tha  aatrlx  aodal. ®>9  Various  techniques  hava  baan  aaployad 
to  lnaaatlgata  tha  lntaractloo  batwaan  cha  aorbad  gaa  and 
glaaay  poljnaars.1*10*11  NM*  experiments  hava  baan  parforaad 
by  Aaalnk12  on  nh3  aorbad  In  polyatyrana  but  Interpretation 
of  hla  raaulta  bacaaa  a  aubjact  of  haatad  controversy. '*a 
Racantly  Safclk  and  Schaafar  and  chair  coworkers13*1'  have 
parforaad  carboa-13  Mat  lnvaatlgatlona  on  a  C02-poly( vinyl 
chlorlda )  ayataa  and  obtained  aoaa  incarnating  raaulta. 

Va  have  carried  out  a  Mdt  acudy  of  carbon  dioxide 
aorbad  in  blaphanol-A  polycarbonate  (BPAPC).  Tha  COj-BPAPC 
ayataa  haa  baan  wldaly  atudlad  by  daaalcal  aorptlon  and 
paraaablllty  cachnlquaa.  Aa  a  polyuer,  BPAPC  la  ana  of  cha 
beat  charactariaad  aaorphoua  glaaaaa  with  conalderabla 
attention  paid  to  aolaeular  dynamics.13"19  Tha  nobility  of 
cha  002  waa  aonltorad  by  apln  lattice  relaxation  experiments 
on  carbon- 13  labelled  C02. 

EXPERIMENTAL 

Saapla  Prepara  dona :  Laxan  polycarbonate  obtained  Iron 
General  Electric  Co.  ware  need  In  one  of  the  following  two 
foraa:  (1)  cylindrical  block  (Iain  dlaaecer  and  30  »  In 
length);  (11)  rectangular  etrlpe  (0.127  an  x  0.S  an  x 
10  an).  Tha  block  or  atrlpa  ware  placed  In  a  MM*  pressure- 
valve  glaaa  tuba  (nanufacturad  by  Vllaad  Glaaa  Co.)  and 
aeacuatod  to  ranoea  tha  aorbad  air.  Neaaured  aaounta  of  en¬ 
riched  UC02  (  99. BE,  Merck  «  Co.)  ware  introduced  into  tha 
NM*  tuba  and  tha  C02  preeaure  changea  ware  aonltorad  with  a 
tranaducer-elaccroaater  ayataa  aa  a  function  of  clan. 
Approximate  dlffualon  coeffldenta  calculated  froa  tha  race 
of  aorptlon  were  In  general  agraaaant  with  tha  publlehed 
values.3*3*2  Plaaa  aaalad  glaaa  tubea  ware  alao  uaad  for 
NM*  aeaauraaenca  ac  different  taaparaturaa . 

NMR  Maaauraaanta :  Carbon-13  apln-lattlea  relaxation 
tlaaa  ware  neaaured  at  Laraor  fraquendaa  of  22.6,  62.9  and 
126  MH*  on  Bruker  SXP  20-100,  SK-250  and  Mf-500  FT  NMR  spec- 
troaatara,  raapactlwaly.  Proton  apln-lattlca  relaxation 
data  In  tha  rotating  fraaa  ware  neaaured  at  a  radio- 
frequency  field  atrength  of  1.0  eT  uelng  a  ataodard  v/2- 
phaae-e hlfted  locking  pulaa  aaquanca.  Taaparatura  control 
waa  Mlntalnad  to  within  ll  K  with  Brukar  taaparatura  con¬ 
trolled. 

RESULTS 

Value*  of  carbon-13  T[  ’»  are  obtained  for  13C02  aorbad 
In  BPAPC  polymer  at  three  Laraor  fraquendaa  and  aa  a  func¬ 
tion  of  teaparatura  and  C02  preeaure.  The  axparlaental  re- 
aulta  are  ehown  In  Flguraa  l  and  2.  3C  apactra  at  the 
higher  fraquendaa  clearly  reveal  lncreaaad  ahleldlng  for 
the  aorbad  C02  with  reaped  to  tha  free  gaa  and  an  lncreaaa 
in  line  width  for  tha  aorbad  apaclaa  relative  to  tha 
free  gaa.  (Separata  raaonancea  are  dearly  dlecemlble  In 


sample*  containing  both  aorbad  and  free  gaa  with  a  chemical 
shift  of  3.7  ppm  indicative  of  a  chemical  aaaodatioa.)  At 
room  temperature  the  line  la  atill  relatively  narrow 
(~60  Hz)  but  it  broadena  to  nearly  4000  Hz  at  -60*C. 

Tha  Nuclear  Ovarhauaer  Enhancement  (NOE)  of  13c02  was 
measured  at  300  K  and  3  atm  C02  pressure  for  the  three 
Laraor  frequencies  and  the  results  are  shown  in  Table  X. 

Tha  values  obtained  are  indicative  of  a  relatively  small 
dlpola-dlpole  contribution  to  the  relaxation  even  at  the 
lowest  frequency  where  It  can  be  eetlaated  to  be  13Z. 

INTERPRETATION 

da  proceed  to  analyze  tha  T[  data  assuming  three  re¬ 
laxation  mechanisms:  spin  rotation  (SR),  chemical  shift  an¬ 
isotropy  (CSA),  and  dipole-dipole  (DD).  Tha  pertinent  aqua- 
dona  are: 

1/T,  -  (1/T,)S„  ♦  (1/r^csA  v  ( 1/Tj )qd  (1) 

(1/T,)SR  -  (4IkT/3h2)c\SR  (2) 

(1/Ti)csa  *  (2/15)(u2(ao)2tcsa  (3) 

2  2  2 

(1/Ti)DD  -  (3/4)(32»/405)YcrHh  (NA/1000)( (Hj/bD) 

(J0  ♦  3J,  ♦  6J2)  (4) 

Jo  “  Jo^“H  *  <k)’<  Jl  “  Jl(«c)i  J2  *  J2(“H  +  »C3  (31 

J(w)  -  (1  *  Sz/8  v  z2/8)/( 1  +  t  *  t2/ 2  *  r3/6  ♦ 

4z*/8l  v  z3/81  *■  z6/648)  (6) 

z  -  2wrt)122:  tt  *  b2/Dt  (7) 

(NOE)p0  -  1  -  (yC/yhX6J2  -  •J0)/(J0  +  3Jt  «•  6J2)  (8) 

Equations  4  through  7  ara  those  given  by  Polnastak  and 
Bryant20  based  on  Freed's  theory21  and  tha  main  quantities 
of  Interest  to  us  are  three  correlation  tlmea  rgR.  XCSA*  and 
Tt,  aa  well  as  tha  translational  diffusion  constant  Dc,  The 
procedure  for  obtaining  these  quantities  are  illustrated 
below. 

At  300  K  and  22.6  MHz  we  have  two  experimental  quanti¬ 
ties:  Tj  •  6.0  s  and  NOE  «  1.2S.  Tha  percent  of  tha 
dlpola-dlpole  mechanism,  EDO,  operating  under  Chase  condi¬ 
tions  la  given  by 

EDO  -  100  ((NOE)  -  I)/((N0E)dd  -  I)  -  100  Ti/(Ti)DD  (9) 

Since  the  functional  relaclona  for  (NOE)qq  vs.  tt  and  (Ti)qd 
vs.  rt  ara  known  from  Equation  8  and  Equation  4,  respective¬ 
ly,  one  can  solve  for  tc  and  then  for  ZDD.  Oslng  this  rt 
value  one  obtains  the  values  of  ( Tj ) DD  at  22.6  MHz  and  at 
126  MHz.  Now  one  has  two  equadona  of  the  type, 

(1/Ti)gg  ♦  (I/TjIcsa  “  -  (l/Ti)DD.  or 

(MIOs*  *  3*025  *  10®  TCSA  ■  O'189  («e  22.6  MHz)  (10) 


(I/Tj)sr  +  9*332  x  109  tcsa  “  °*453  (•*  126  MHz)  (11) 

From  Equations  2,  10,  and  11,  two  correlation  times  rgR  and 
tCSA  are  obtained.  Using  these  values  of  tt,  tsr  and  TCSA 
we  Chen  test  the  consistency  with  the  data  at  62.9  MHz,  spe¬ 
cifically  che  value  of  rgg.  The  results  at  300  K  and  3  atm 
ara  suamarlzed  in  Tables  I  and  II. 
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At  U|b  field  the  deal  seat  aoerca  of  relaxation  la  the 
c  heal  cal  ehlft  anisetree  aechaalsa  yielding  a  correlation 
tlaa  for  rotation  of  2.*  x  IQ'11  a.  At  all  freeoenclaa , 

•pin  rotation  le  Important  and  leads  to  a  colllalon  correla¬ 
tion  tlae  of  3.9  x  10~13  a.  At  the  loaaat  fragoancy,  a 
dlpole-dlpola  coo trl hot loo  le  ahaarvad  which  loada  to  a  cor¬ 
relation  tine  for  traaolatioaal  dlf fmaloo  of  1.2  x  I0”10  a. 
Thla  can  ha  coavert ad  to  a  traaalatlonal  dlffoalon  cooat an c 
0t  If  the  dlataaco  of  cJirott  approach  b  la  kaoon.  If  eo 
aaaaaa  the  value  of  b  t»  tall  la  the  rma  of  0.2  to  0.3  na, 
than  tho  value  of  Dt  a hoe Id  fall  la  the  rang*  of  (3-8)  x 
10-*  ca^/a.  la  tana  of  bath  recat loaal  and  trnnalaelonal 
not Iona,  theee  M  raaalte  are  Indicative  of  very  no  bile 
C02.  la  fact  the  vnleea  of  Df  eetlaated  fra  the  IM  data 
are  a boat  too  or Aar a  of  aagaltwde  greater  than  thoee  ob- 
talaad  by  aacroacoplc  aaaaaroaaata,  e.|. ,  by  aeaau resent  of 
C02  ponoatloa  chroagh  polyner  aaabraaaa.22  While  the  IM 
estlaata  of  Dt  la  not  preclan,  it  would  appear  that  local 
ttaoalatloa  aay  ha  aura  rapid  chan  aacroacoplc  traoalacloa. 
Locally  feat  trane la cl on  could  bo  rede cad  by  barrier  raflooa 
la  the  heterogeneous  (lean  leading  to  the  obaareatlen  of 
alooor  aacroacoplc  dlf fun loo. 
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Table  It  Contributions  of  Different  Mechanleat  to  the  Spin- 
Lattice  Relaxation  of  13(X>2  In  BPAPC  Polyner  at 
300  K  and  5  ata 


MHt 

Tj/(a) 

ROE 

(Tj)sr(.) 

(T1)CSA(s> 

(t13DD7* 

22.6 

*.6 

1.25 

5.6 

113 

35 

62.9 

3.5 

1.08 

5.2* 

15 

39 

126 

2.1 

1.00 

5.6 

3.7 

** 

•This  value  should  be  5.6  e  Instead  of  5.2  s  with  e  fitting 
error  of  about  62. 


Table  II:  Correlation  Haas  for  Spin-Rotation,  CSA,  and 

Translational  Motion  as  well  as  Eetlaated  Diffu¬ 
sion  Constanta  for  13C02  In  BPAPC  Polyaar 
at  300  E  and  5  ata 

tjr  ”  3.9  x  10”13  a;  tcsa  "  2,9  *  10-11  a 
rt  -  1.2  x  10*10  a 

3.3  x  10~*  If  b  •  2.0  na 

Dt  -  { 

7.5  x  10~*  ca2/a  if  b  “  0.3  na 


PreMwa  (atm) 


Figure  It  Experlaantal  Tj  Data  for  13C0z  Sorbed  in  BPAPC 
Polyaar  at  300  K  a*  a  Function  of  Pressure. 
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Figure  2:  Experlaantal  Tj  Data  for  13C02  Sorbed  In  BPAPC 
Polyaer  ss  a  Function  of  Teaperature. 
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The  mobility  of  carbon  dioxide  sorbed  in  bisphcnol-A  polycarbonate  polymer  was 
monitored  by  spin-lattice  relaxation  experiments  on  carbon- 1 3  labelled  CO;.  In  addition 
the  line  widths  and  nuclear  Ovcrhauscr  effect  of  sorbed  1  'CO,  were  measured  as  a 
function  of  temperature.  To  interpret  the  temperature  and  magnetic  field  dependence  of 
our  data,  we  arc  presenting  a  two-site  model.  It  is  a  model  containing  many  parameters, 
but  it  seems  to  be  consistent  with  most  of  our  experimental  data. 

Die  Bewcglichkcit  von  ICohlcndioxid.  gclost  in  polymerem  Hisphcnol-A-polykarbonal. 
wurdc  durch  Mcssungcn  dcr  Spin-Gittcr-Rclaxation  an  '  -'C-markicrtcm  CO;  crmittclt. 
Zttsat/’licli  warden  die  Linicnbreilen  und  tier  Ovcrhauser-F.ffekl  des  geldsten  "CO,  als 
Funktion  der  femperatar  gcrncssen.  Zur  Interpretation  dcr  Tcmpcralur-  und  I  eldabhiin- 
gigkcil  unscrer  Frgcbnissc  stellcn  wir  cin  Zwei-Zustands-Moxlell  tor.  Das  Model!  enthall 
zahlrciche  Parameter,  doch  schcinl  cs  mil  den  meisten  unscrer  cxpcrimcntcllcn  Daten 
vercinbar  zu  sein. 


Introduction 

The  mobility  of  sorbed  gases  in  polymers  is  an  interesting  scientific  problem 
with  important  technological  implications.  Considerable  effort  has  been 
invested  in  understanding  the  sorption,  diffusion,  permeability  and  perm¬ 
selectivity  of  gases  in  polymers.  The  impetus  for  the  work  comes  from 
application  of  polymers  in  gas  separation  [1]  and  in  packaging  including 
softdrink  bottling  [2]. 

At  present  there  is  disagreement  about  the  description  of  the  stale  of 
sorbed  gas  in  glassy  polymers.  Two  models  embody  the  current  contro¬ 
versy:  the  dual-mode  model  (3-7J  and  the  matrix  model  (8.  9],  Various 
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techniques  have  been  employed  to  investigate  the  interaction  between  the 
sorbed  gas  and  glassy  polymers  (I,  10.  II).  NMR  experiments  have  heen 
performed  by  Assink  (12]  on  NH 3  sorbed  in  polystyrene  but  interpretation 
of  his  results  became  a  subject  of  heated  controversy  (7.  K|.  Recently  Xefeik 
and  Schaefer  and  their  coworkers  (13.  1 4)  have  performed  carbon- 13  NMR 
investigations  on  a  C02-poly(vinyl  chloride)  system  and  obtained  some 
interesting  results. 

We  have  carried  out  a  NMR  study  of  carbon  dioxide  sorbed  in  bis- 
phenol-A  polycarbonate  (BPAPC).  The  C02-BPAPC  system  has  been 
widely  studied  by  classical  sorption  and  permeability  techniques.  As  a 
polymer.  BPAPC  is  one  of  the  best  characterized  amorphous  glasses  with 
considerable  attention  paid  to  molecular  dynamics  (15—19).  Several  types 
of  NMR  experiments  have  been  performed.  First  the  mobility  of  the  CG2 
was  monitored  by  spin-lattice  relaxation  experiments  on  carbon- 13  labelled 
C02.  Secondly,  the  line  widths,  and  thirdly  the  nuclear  Overhauser  effect 
(NOE)  of  13C02  sorbed  in  BPAPC  were  measured  as  a  function  of  tempera¬ 
ture.  (Some  line  widths  in  dcuterated  BPAPC  were  also  measured.) 

We  arc  presenting  a  two-site  model  to  interpret  the  temperature  and 
magnetic  field  dependence  of  our  data  (T,.  NOE.  and  line  widths  of  sorbed 
13C02  in  BPAPC).  It  is  a  model  containing  many  parameters,  but  it  seems 
to  be  consistent  with  most  of  our  experimental  data.  Using  the  parameters 
determined  we  can  characterize  the  molecular  dynamics  of  sorbed  (_02  in 
the  glassy  polycarbonate. 

Experimental 

Sample  Preparation:  Lexan  polycarbonate  obtained  from  General  Electric  Co.  were  used 
in  one  of  the  following  two  forms:  (i)  cylindrical  block  (7  mm  in  diameter  and  30  mm  in 
length):  (ii)  rectangular  strips  (0.127  mm  x  0.5  mm  x  40  mm).  The  block  or  strips  were 
placed  in  a  NMR  prcssurc-valvc  glass  tube  (manufactured  by  Wilmad  Glass  Co.)  and 
evacuated  to  remove  the  sorbed  air.  Measured  amounts  of  enriched  ,JCOj  (99.8%. 
Merck  &  Co.)  were  introduced  into  the  NMR  tube  and  the  COj  pressure  changes  were 
monitored  with  a  transduccr-cicctromctcr  system  as  a  function  of  time.  Approximate 
diffusion  coefficients  calculated  from  the  rale  of  sorption  were  in  general  agreement 
with  the  published  values  15-7).  l-'lamc  scaled  glass  tubes  were  also  used  for  NMR 
measurements  at  different  temperatures. 

NMR  Measurements:  Carbon-13  spin-lattice  relaxation  times  were  measured  at 
Larmor  frequencies  of  22.6,  62.9  and  126  MHz  on  Brukcr  SXP  20-100.  WM-250  and 
WM-500  FT  NMR  spectrometers,  respectively.  NOE  data  were  obtained  by  using  a  gated 
decoupling  technique  (20).  A  decoupler  power  of  6  or  12  W  was  applied  for  the  NOE 
measurements  at  22.6  MHz.  Resonance  Itne  widths  were  obtained  directly  from  the 
spectra  and  the  value  of  Tt  were  calculated  from  the  formula.  Ti  =  inx  line  width)' '. 


Results 

Experimental  values  of  the  spin-lattice  relaxation  time.  7 for  ,3C’()2 
sorbed  in  BPAPC  polymer  at  various  pressure,  temperature,  and  Larmor 
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Table  1.  Experimental  T ,  data  for  IJCOj 

sorbed  in  BPAPC  polymer. 

P/atm 

Temperature/ K. 

fi/s 

22.6  MHz 

5  —  6  (block) 

233 

6  33 

5  —  6  (block) 

253 

6  0 

5  —  6  (block) 

273 

5.5 

5  —  6  (block) 

300 

4  6 

5-6  (block) 

333 

4.6 

62.9  MHz 

5—6  (block) 

213 

5.4 

5—6  (block) 

242 

4  9 

5-6  (block) 

272 

4  16 

5  —  6  (block) 

3(H) 

3  5 

7.5  (strips) 

300 

3.3 

7.5  (strips) 

333 

3.3 

7.5  (strips) 

363 

3.3 

7.5  (strips) 

393 

3.3 

14.6  (strips) 

300 

2.7 

126  MHz 

5—6  (block) 

213 

5.7 

5  —  6  (block) 

243 

3.6 

5  —  6  (block) 

300 

2.2 

7.5  (strips) 

300 

2.0 

7.5  (strips) 

333 

2.0 

5  —  6  (block) 

373 

2.7 

7.5  (strips) 

375 

2.0 

14  (strips) 

300 

1.6 

frequencies  are  presented  in  Table  I  and  plotted  in  Figs.  1  and  2.  While  T, 
seems  to  decrease  slightly  with  the  increase  of  carbon  dioxide  concentration 
in  the  polymer,  ^diminishes  considerably  with  the  increase  of  the  magnetic 
field  strength  (from  22.6  MHz  to  126  MHz).  The  effect  of  temperature  is 
noteworthy:  At  233  K,  Tt  is  5  to  6  s  and  it  shortens  significantly  with  the 
increase  of  temperature  up  to  300  K,  but  then  Tx  becomes  constant  and 
remains  unchanged  when  the  temperature  is  increased  above  300  K  up  to 
around  380  K. 

The  nuclear  Overhauser  effect  factor  (NOEF)  of  the  sorbed  ,3C02  in 
BPAPC  at  6 atm  was  found  to  be  1 .00  at  1 26  M Hz  and  1  08  at  62.9  MHz 
both  at  300  K.  These  data  seem  to  indicate  the  absence  of  the  dipole-dipole 
(DD)  relaxation  mechanism  at  the  highest  field  (126  MHz)  and  a  marginal 
presence  of  DD  mechanism  at  the  intermediate  field  (62.9  MHz).  In 
contrast,  at  the  lowest  field  (22.6  MHz),  we  found  the  values  of  NOEF  to 
be  substantially  greater  than  one  and  to  increase  considerably  with  the 
decrease  of  temperature.  These  data  are  summarized  and  shown  in  Table  2. 


Dynamics  of  Sorbed  13C02  in  Polycarbonate 


185 


S  2000 
* 

3  1500 


200  220  240  260  280  300  320  340  360  380 
Tamperoturt/K 

Fig.  3.  Carbon- 1 3  line  widths  of  l3COj  sorbed  in  BPAPC  polymer  as  a  function  of 
temperature. 


Tabic  2.  Nuclear  Ovcrhauscr  effect  factors  (NOEF)  of  sorbed  ,3C02  (6  atm)  in  BPAPC 
polymer  block. 


The  observed  carbon-13  line  widths  of  ,JC02  sorbed  in  BPAPC  arc 
plotted  as  a  function  of  temperature  in  Fig.  3.  As  can  be  seen  from  Fig.  3, 
the  line  width  broadens  greatly  when  the  temperature  is  lowered  below 
273  K.  The  striking  line  broadening  indicates  the  presence  of  immobilized 
CO2  molecules  in  the  polymer  at  low  temperatures.  Approximate  values  of 
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Table  3.  T2  values  calculated  Irom  the  C-13  line  widths  or  sorbed  l3C02  (5-6  atm)  in 
BPAPC  polymer. 


r/K 

r2  in  s 

22.6  MHz 

62.9  MHz 

126  MHz 

190 

t  .08  x  10  4 

213 

3.13  x  10  4 

8.44  x  I0"5 

233 

6.06  x  10  * 

243 

2  67  x  t()  4 

253 

1.28  x  nr 3 

273 

3.1  xIO  3 

1.27  x  10  3 

300 

4.5  x  10 ' 3 

2.23  x  10" 

313 

4.9  x  10'3 

4.82  x  10- 3 

333 

5.1  x  to "3 

8.6  x  nr 

353 

5.6  x  10  “ 3 

1 .22 x  I0‘2 

363 

375 

t  .27  x  10”  2 

t  .77  x  10’ 

Table  4.  Carbon-13  line  widths  and  r2  of  sorbed  ,3C02  (6  atm)  in  dcuieraled  BPAPC 
polymer  strips  at  22.6  MHz.  (Deuterated  BPAPC  is  85%  rfl4  and  15%  rO  (C-13  peak 
consists  of  three  components:  13C02  gas  peak.  ,3C02  sorbed-in-polymer  peak,  and  a 
gap  of  about  66  11/  separating  these  two  peaks). 


77  K 

Line 

width/Hz 

r2/s 

188 

870 

3  66x  10  4 

233 

163 

1.95  x  10  3 

253 

123 

2.59x10  3 

273 

1J5 

2.77  x  10  3 

313 

96 

3.32  x  10  3 

the  spin-spin  relaxation  time  T2  are  calculated  from  the  line  widths  and 
shown  in  Table  3. 

Measured  carbon-13  line  widths  and  calculated  7'2  of  sorbed  ,3C02 
(6  atm)  in  deuterated  BPAPC  polymer  strips  at  22.6  MHz  are  listed  in 
Table  4.  The  deuterated  polymer  contains  about  90%  2H  and  10%  'H  for 
the  hydrogens.  At  the  Larmor  frequency  of  22.6  MHz,  the  C-13  peak 
consists  of  three  components:  ,3C02  gas  peak.  13C02  sorbcd-in-polymcr 
peak,  and  a  gap  of  about  66  Hz  between  these  two  peaks.  At  temperatures 
of  188  and  233  K,  the  line  widths  of  l3C02  in  deuterated  polymer  are 
narrower  than  the  corresponding  line  width  of  ,3C02  in  protonated  poly¬ 
mer  by  a  factor  of  about  four.  The  observed  NOEF  of 1 3C02  in  deuterated 
polymer  is  1.00  in  agreement  with  the  expectation  of  greatly  diminished 
dipole-dipole  interaction. 


I 
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Interpretation  of  data  at  300  K 

Our  first  step  is  to  interpret  the  T,  and  NOE  data  at  300  K  assuming  the 
presence  of  only  one  type  of  C02  molecules  in  the  glassy  polymer.  In 
the  next  section  we  shall  present  a  “two-site  model"  for  the  purpose  of 
interpreting  the  experimental  data  (7,.  NOE.  and  7'2)  covering  a  wide 
temperature  range. 

We  proceed  to  analyze  the  7",  data  assuming  three  relaxation 
mechanisms:  spin  rotation  (SR),  chemical  shift  anisotropy  (CSA).  and 


dipole-dipole  (DD).  The  pertinent  equations  are: 

1/^*1  =  U/7*i)sr  +  (I/7'i)csa  +  (I/7'i)dd  (1) 

(l/r.Js*  =  (4/A.T/3/»j)C»Tsh  (2) 

U/T'Ocsr  —  (2/15)2(u»)2tcsA  (3) 

(1/7*.)do  =  (96  n/ 1620), 7;2(Aa/1000>([H}/6A)(-/o  +  3 J,  +  6 J2)  (4) 

Jo  ~  •7o(wh ~ <<Jc) I  J i  —  J i((,r);  Ji~  y2(wt|  +  <>>c)  (5) 

J{  o>)  =  (1  +  5z/8  +  c2/8)/(l  +:  +  r2/2  +  _-J/6  +  4.-4/81 

+  -5/81  4-r6/648)  (6) 

r  =  (2  ox,)'11-,  r,  =  />2/A  (7) 

(NOEF)dd  —  1  =  (}‘c//'u)(h.7 2  Jo)!(Jo  +  37|  4-  672)  (8) 


where  the  meanings  of  the  symbols  used  are  given  in  a  glossary  at  the  end 
of  this  paper.  Eqs.  (4)  through  (7)  arc  those  given  hy  Polnaszck  and  Uryant 
(21]  based  on  Freed's  theory  [22]  and  the  main  quantities  of  interest  to  us 
are  three  correlation  times  tSR.  tCs,v  and  t,.  as  well  as  the  translational 
diffusion  constant  A-  The  procedure  for  obtaining  these  quantities  is 
illustrated  below. 

At  300  K  and  22.6  MHz  we  have  two  experimental  quantities:  T,  = 
60s  and  NOEF  =  1.25.  The  percent  of  the  dipole-dipole  mechanism. 
%DD,  operating  under  these  conditions  is  given  by 

%DD  =  100((NOEF)  —  1  )/((NOEF)m,  —  1)  =  100  T,HT,) uu  -  (9) 

Since  the  functional  relations  for  (NOEF)l)(>  vs.  r,  and  (7',)i>i>  vs.  t,  arc 
known  from  Eqs.  (8)  and  (4),  respectively,  one  can  solve  for  r,  and  then  for 
%DD.  Using  this  r,  value  one  obtains  the  values  of  (7  ,  )„„  at  22.6  Mllz 
and  at  126  MHz.  Now  otic  has  two  equations  of  the  type. 

(1/Ti)sr  +  (1/T|)csa  —  1/7-,  —  ( 1  /Ti)dd 
or 

(1/T,)sr  +  3.025  x  108  tcsa  =  0.189  (at  22.6  MHz)  (10) 

and 

(1/T,)sr  +  9.332 x  10’  rCSA  =  0.453  (at  126  MHz)  . 


(ID 
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Table  5.  Contributions  of  different  mechanisms  to  the  spin-lattice  relaxation  of  ' '(  < ).  in 
I3PAPC  polymer  at  300  K  and  5  atm. 


Mllz 

T,l  s 

NOE 

( 1 1  hips 

( T\  )t  u.'i 

( 7  i  Idiiis 

%l)l> 

%CSA 

«»  ^  < 

22.6 

4.6 

1.25 

5.6 

113 

35 

1 3 

4 

S3 

62.9 

3.5 

1  08 

5.2“ 

15 

39 

9 

24 

67 

126 

2.1 

1.00 

5.6 

3.7 

44 

5 

57 

38 

*  This  value  should  be  5.6  s  instead  of  5.2  s  with  a  fitting  error  of  about  6%. 


Table  6.  Correlation  times  for  spin-rotation.  CSA.  and  translational  motion  as  well  as 
estimated  diffusion  constants  for  13C02  in  BPAPC  polymer  at  300  K  and  5  atm. 

r,,  =3.9x10  13  s  t.-s*  =2.9x10  "s 

t,  =  1.2x  10" 10  s 

n_  {3.3  x  10'6  cm!/s  if  b  =  0.2  nm 
1  1 7.5  x  10'6  cm3/s  if  h  =  0.3  nm 


From  Eqs.  (2),  (10)  and  (11).  two  correlation  times  tSR  and  t<S\  arc 
obtained.  Using  these  values  of  r,.  and  t(  sa  we  then  test  the  consistency 
with  the  data  at  62.9  MHz.  specifically  the  value  of  rSR.  The  results  at  300  K 
and  5  — 6  atm  are  summarized  in  Tables  5  and  6. 

At  high  field  the  dominant  source  of  relaxation  is  the  chemical  shift 
anisotropy  mechanism  yielding  a  correlation  lime  of  2.9  x  10  "  s.  At  all 
frequencies,  spin  rotation  is  important  and  leads  to  a  collision  correlation 
time  of  3.9  x  10" 13  s.  At  the  lowest  frequency,  a  dipole-dipole  contribution 
is  observed  which  leads  to  a  correlation  time  for  translational  diffusion  of 
1.2  x  10”  10  s.  This  can  be  converted  to  a  translational  diffusion  constant 
Z),  if  the  distance  of  closest  approach  h  is  know  n.  If  we  assume  the  value 
of  b  to  fall  in  the  range  of 0.2  to  0.3  nm.  then  the  value  of  D ,  should  fall  in  the 
range  of  (3  ~  8)  x 10~6  cm*/s.  In  terms  of  both  rotational  and  translational 
motions,  these  NMR  results  are  indicative  of  very  mobile  CQ2. 

Two-site  model 

The  method  of  treatment  outlined  above  to  interpret  the  T,  and  NOE  data 
seems  to  work  fairly  well  at  300  K  with  a  fitting  error  of  about  5%. 
However,  when  the  same  method  of  treatment  is  applied  to  7,  and  NOF 
data  obtained  at  low  temperatures,  it  leads  to  large  fitting  errors.  Moreover, 
the  line  widths  or  T2  data  arc  not  included  in  the  above  treatment. 

The  probable  presence  of  more  than  one  type  of  CU2  molecules  sorbed 
in  the  polymer  at  low  temperatures  (273-190  K)  is  indicated  by  the  obser¬ 
vations  that  (i)  T,  values  are  still  short  (several  seconds),  but  (ii)  the  line 


I 
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widths  increase  greatly  with  the  decrease  of  temperature  (100  Hz  to  3600  Hz 
at  Larmor  frequency  of  22.6  MHz).  The  observation  (i)  points  to  a  liquid 
like  environment,  while  the  observation  (ii)  points  to  a  solid  like  environ¬ 
ment  of  CO2  molecules.  Therefore,  a  two-site  model  will  be  developed  to 
deseribe  the  temperature  and  field  dependence  of  the  observed  data  ( 
NOE,  and  line  widths). 

As  before  we  consider  three  relaxation  mechanisms:  SR  relaxation. 
CSA  relaxation,  and  intermolecular  DD  relaxation.  The  correlation  time 


ts*  in  Eq.  (2)  and  CSA  correlation  time  tCSA  in  Eq.  (3)  are  assumed  to  be 
given  by  Eqs.  (12)  and  (13),  respectively. 

t  s*  =  Hf'  (12) 

t<-sa  =  J’/6kT  (13) 

where  f  is  the  viscous  retarding  torque.  These  two  equations  will  lead  to 
the  Hubbard  relation  [24J.  In  the  non-extreme-narrowing  limit  Eq.  (3)  is 
generalized  to 

(1/D)csa  =  (2/15)<uJ(d<r):TcsA/(l  +">2rcsA>-  (14) 

The  translational  diffusion  constant  D,  in  Eq.  (7)  may  be  written  as: 

D,  =  k  T[f  (15) 

where  /  is  the  translational  friction  coefficient.  We  will  assume  that /=  f 
and /has  an  Arrhenius  temperature  dependence: 

J  =J0c\p(AH/RT)  (16) 


where  AH  is  the  enthalpy  of  activation  for  the  translational  motion. 
Applying  this  relation  to  the  SR  correlation  time,  we  can  calculate  its  value 
at  temperature  T  from  its  value  at  3()0  K.  designated  as  our  reference 
temperature: 

ts„(D  =  tsr(300  K)exp(  — (d///7?)(300  -  D/300  T) .  (17) 

Similar  equations  can  be  written  for  the  CSA  correlation  time  and  for  the 
translational  diffusion  constant: 

Tcsa(7”)  =  rcsA(300  K)(300/r)exp((d///fl)(300  -  D/300  T)  (IS) 
0,(D  =  0,(300  K )( 77300)cx p ( —  ( /I /// R)( 300  —  D/300  T) .  (19) 

Our  attempts  to  describe  the  temperature  dependence  of  T, ,  NOE.  and  line 
widths  based  on  these  equations  have  not  been  successful.  We  assume, 
therefore,  that  there  are  two  types  of  C02  molecules  with  rapid  interchange 
of  the  two  types.  There  may  actually  be  continuous  distribution  of  CO, 
mobilities  but,  as  a  first  approximation,  we  will  treat  the  distribution  as 
bimodal  (i.e.,  two  components). 
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If  rapid  exchange  occurs  the  relevant  expressions  for  7*t  and  V2  are 

1/7'i=/>a/7',a+-/>m/7'ih  and  1 IT2  —  P\,  T2A  4-  P  hi  Pm  (20) 

where  P\  and  P,t  arc  population  fractions  of  the  type  A  molecules  and  type 
U  molecules,  respectively.  Lach  of  the  three  relaxation  mechanisms  could 
contribute  in  the  two  environments.  Let  us  consider  the  mobile  environment 
to  be  A  so  that 

1/7*1  a  =  (1/7*1  a)sx  +  (I/7*ia)csa  +  (1/7'1a)dd  ■  (21 ) 

Each  of  the  equations  developed  before  is  applied  to  the  three  contributions. 
For  the  immobile  environment,  the  comparable  expression  is 

l/7*m  =  (1/7* i q)sk  4-  (1/7*iB)csa  +  (  I/7*ib)dd  •  (22) 

However,  since  the  slowly  moving  molecules  do  not  have  significant  SR 
relaxation  contributions,  the  term  (1/7',B)SR  can  be  omitted. 

1/7*111  =  (1/7*ib)csa  4-  (l/7*m)oD  ■  ( 22') 

Now  let  us  turn  to  the  7*2  expression  of  Eq.  (20).  At  high  temperatures 
(313  —  393  K).  the  observed  T2  is  less  than  100  Hz  and  is  dominated  by 
static  field  inhomogeneity  arising  from  the  complex  nature  of  the  sample 
(gas  sorbed  in  strips  of  polymer).  The  key  experimental  effect  to  account 
for  is  the  broadening  from  100  Hz  at  273  1C  to  3600  Hz  at  190  K.  If  the 
correlation  times  developed  at  300  K  to  interpret  7*,  and  the  NOE  are 
indicative  of  the  liquid  like  environment,  then  they  contribute  essentially 
nothing  to  the  low  temperature  line  widths  even  if  they  slow  by  an  order 
of  magnitude.  The  low  temperature  line  widths  must  be  dominated  by  the 
immobile  species.  We  have,  therefore. 

1/7*2  a  P i»/7*jb  and  l/T2B  =  (1/7*2b)<sa  +  (1/7*2b)i>i>  •  (23) 

The  relevant  7*2  expressions  for  the  two  relaxation  mechanisms  arc 

(t/7*2)csA  =  (I/45)w2(d<r)J(3  TcsA/(I  +w:t^*)  +  4iw)  (24) 

and 

(1/7*2)dd  =  7i2y|AJS(S  4-  l)(32  ji/405)(A/a/I000)(H]  \2J0{O)  (2$) 

4-  0.5  Jq  (crjj  —  02s)  4*  1 .5  J i(o2|)  4-37 »(o>s)  4-3  J 2(oj|  4-  025)1  ■ 

With  regard  to  the  translational  diffusion  relaxation,  careful  consid¬ 
erations  are  required,  since  the  translational  diffusion  is  a  mechanism  for 
exchange  between  C02  in  an  immobile  environment  (B)  and  C02  in  the 
more  mobile  environment  (A).  For  conceptual  convenience  wc  identify 
A  as  "dissolved**  (D)  environment  and  I)  as  “Langmuir  *  (L)  environment 
of  the  dual-mode  model  [5.  23].  If  wc  assume  these  environments  to  have 
a  distance  scale  of  Angstroms,  then  there  should  be  Tour  possible  types  of 
translational  diffusions: 
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(1)  Translation  from  a  dissolved  environment  to  another  dissolved 
environment  with  a  correlation  time  tDd  =  ^2//-)dd- 

(2)  Translation  from  a  Langmuir  environment  to  another  Langmuir 
environment  with  a  correlation  time  iu  = 

(3)  Translation  from  a  Langmuir  environment  to  a  dissolved  environ¬ 
ment  with  a  correlation  time  tLD  =  /»j/DLd- 

(4)  Translation  from  a  dissolved  environment  to  a  Langmuir  environ¬ 
ment  with  a  correlation  time  tDl  =  bl/DDL. 

The  principle  of  microscopic  reversibility  requires  that 

PdI^dl  =  P\.I*ld  or  Pol  Pi  —  tdl/tld  •  (26) 

We  need,  therefore,  three  correlation  times,  say.  rDD.  ri.i.,  and  Ti  n.  The 
Arrhenius  factor  for  translational  friction  coefficient  AH  which  appeared 
in  Eq.  (19)  also  requires  further  specifications:  d/fDD,  d//LL,  and  AHLD- 
We  assume  that  AHto,  the  Arrhenius  factor  for  the  Langmuir  to  dissolved 
process,  is  given  by  the  mean: 

d/fuj  ™  (d//u.  +  AHqo)/2.  (27) 

Thus,  only  two  Arrhenius  factors,  AIIU  and  AHtw  arc  needed. 

The  translational  relaxation  produced  by  each  process  should  be 
weighted  by  a  population  factor:  the  population  of  the  site  left  multiplied 
by  the  population  of  the  site  entered.  Therefore,  the  rix  term  should  be 
weighted  by  Pf,  the  tou  term  by  and  the  t,  n  term  by  P\Pn.  The  dipolar 
relaxation  associated  with  exchange  between  the  dissolved  and  Langmuir 
environments  requires  new  term  to  be  added  to  the  expressions  for  7\.  r2. 
and  NOE,  because  the  exchange  term  is  associated  with  neither  of  the  two 


environments. 

1/Tio  =  P o/(Ticsa)d  +  P o/(  T|sk)d  +  P2oH  T i  dd)d  (28) 

I/7-.l  *=  P t./( T|csa)i.  +  P}J( T\ on)i.  (29) 

l/TItl=  P0([  —  P □)/( T\ do)ol  +  ( 1  ~  P0)P d/(7'idd)ld  (3b) 

1/7-,  =i/rID  +  i/rlu  +  i/rl„.  (3i> 

The  equations  for  Ti  are  quite  analogous  to  the  equations  for  Tt  given 
above.  To  calculate  the  NOE  we  will  use  the  following  general  formula: 

NOEF-1  =  (yH/Vc)  (Dipolar  rate)  /  (Total  rate)  ((6y2-y0)  /  (-/o  +  3^! 

+  6y2))  (32) 

where 

Dipolar  rate  =  Pol(Ptoo)o  +  Pil(.Pino)i  +  AjO-  Pd) 

((1/2'ido)ld  +  (1/2"idd)dl)  (33) 
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Tabte  7.  Population  distribution  according  to  the  dual-model  model  (obtained  by  an 
extrapolation  of  the  temperature  dependence  reported  by  C'lian  and  Paul  (25|  and  on  the 
assumplion  that  the  dependence  is  parallel  to  that  or  PET  given  by  Koros  (23|). 


77  K 

/•» 

7*1. 

173 

0  15 

0.85 

193 

0  16 

084 

213 

0.18 

082 

233 

0.23 

0.77 

253 

0.30 

0.70 

273 

0.38 

062 

293 

0.47 

0.53 

313 

0.65 

0.35 

333 

0.80 

0.20 

353 

0  88 

0  12 

373 

0.94 

0.06 

393 

0.96 

0.04 

Table  8.  Parameters  at  300  fC  used  tor  the  two-site  model  calculations. 
tsa(dissolved)  =  1.7  x  10“ 11  s 

rcsx(dissolved)  =5  xl0_lls  r<^(  Langmuir)  =  5  x  10'*  s 

A(D-D)  =  0™,  =7  xl0_1cm2/s  AH,m  =  6000  J/mol 

/>,(  L)  —  U)  =0DU  =  4,5  x  10  "’/s  AII,l  =  1 2»HM)  J/mol 

D.(L-L)  =l)LL  =3  xl0-"cnr/s  ft  =  3.2  x  lO  *  cm 


220  240  260  280  300  320  340  360  380  400 


T*mp»roture/K 

Fig.  4.  Temperature  dependence  of  T,  Comparison  of  calculated  results  based  on  the 
two-site  model  and  experimental  values. 
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Tempera)  un/K 

Fig.  5.  Temperature  dependence  on  NOE.  Comparison  of  calculated  results  based  on  the 
two-site  model  and  experimental  values. 


and  “Total  rate”  is  given  by  Eq.  (31).  To  calculate  the  values  of  J' s  in 
Eq.  (32)  we  define  JT(i)  such  that 

JT(i)  m  PhJbU)  +  P&lU)  +  PoPdJmSi)  +  And))  (34) 

in  which 

J2  -  JT( 2),  7,  =  JT(l),  and  J0  =  JT(Q) . 

We  now  report  the  results  of  our  calculations  using  the  two-site  model. 
The  population  distribution  between  the  Langmuir  and  the  dissolved 
species  is  obtained  by  extrapolating  the  data  of  Chan  and  Paul  [25]  based 
on  the  dual-mode  model  and  is  tabulated  in  Table  7.  Nine  parameters  at 
300  K  are  employed  to  fit  the  experimental  data;  these  parameters  are  listed 
in  Table  8.  The  results  of  our  computer  calculations  are  presented  and 
compared  with  the  experimental  data  in  Figs.  4-6.  As  can  be  seen  from 
the  figures,  the  agreement  of  the  calculated  results  and  experimental  data 
is  good  for  NOE  (with  fitting  errors  of  10%  or  less),  good  for  Tx  (with 
fitting  errors  of  20%  or  less),  and  fair  for  T2  (off  by  a  factor  of  between  2 
and  10).  It  should  be  remembered  that  our  T2  data  are  derived  from  the 
line  widths  and  not  determined  directly  from  the  CPMG  method.  We 
believe  that  the  parameters  can  be  chosen  more  carefully  to  improve  the 
fit.  In  conclusion,  the  model  seems  to  be  able  to  describe  the  temperature 
and  field  dependence  of  the  observed  T,,  NOE.  and  T2  data  semi- 
quantitatively. 


194 


Wen- Yang  Wen.  E.  J.  Cain.  P.  T.  Inglefield  and  A.  A.  Jones 


ZOO  220  240  260  260  300  920  340  360  380  400 


T*mp*rolur*/K 

Fig.  6.  Temperature  dependence  of  T2.  Comparison  of  calculated  results  based  on  the 
two-site  model  and  experimental  values  derived  from  line  widths. 


Discussion 

The  parameters  generated  by  the  two-site  model  arc  of  interest,  since  they 
characterize  the  molecular  dynamics  of  C02  sorbed  in  BPAPC  polymer. 
The  values  of  parameters  (xSR,  and  D,)  determined  earlier  and  given 
in  Table  6  are  not  greatly  different  from  those  listed  in  Table  8  and  specified 
as  “Dissolved”  and  “Dissolved  -  Dissolved”  (“D-D")  of  the  two-site 
model.  At  300  K.  the  population  of  C02  molecules  in  the  mobile  environ¬ 
ment  consists  only  about  53%  of  the  total,  but  this  53%  population 
dominates  and  determines  the  experimental  Tu  T2,  and  NOE  data.  The 
CSA  correlation  time  of  C02  in  the  immobile  environment  is  5  x  10' 8  s. 
which  is  about  1000  times  larger  than  the  corresponding  quantity 
(5.0  x  10"  “  s)  in  the  mobile  environment. 

The  translational  diffusion  constant  D,  in  different  environments  are 
of  particular  interest.  The  value  of  D ,  in  the  mobile  environment 
(7  x  10-7  cm2/s)  is  about  2.3  x  104  times  greater  than  the  corresponding 
value  in  the  immobile  environment  (3  x  10' 11  cm2/s).  For  the  process 
of  transfering  sorbed  C02  from  a  mobile  environment  to  an  immobile 
environment,  the  value  of  Dot  is  4.5  x  10' 7  cm2/s  which  is  greater  than  the 
geometric  mean  of  the  other  two  diffusion  constants.  In  their  well-known 
treatment  Koros  and  Paul  (5,  23J  considered  two  diffusion  constants  (cor¬ 
responding  to  our  Ddo  and  DLL),  but  did  not  include  the  third  diffusion 
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constant  Dut.  Their  values  of  diffusion  constants  for  C02  in  BPAPC'  seem 
to  change  slightly  from  one  publication  to  another.  and  one  of  the  recent 
papers  gives  D00  =  5.15  x  I0'8  and  D,,L  =  5.07  x  10"9  cm2/s  at  35  C  [26], 

If  we  evaluate  the  mean  diffusion  constant  l)  by  the  expression. 

D  =  PdOod  +  P  tyP  l^dl  +  P\.P  o^ld  +  Pl^ll  • 

we  obtain  D  =  4.38  x  10' 7  cm2/s.  This  value  is  not  too  far  from  the  reported 
diffusion  constant  (Det,  =  3  x  10~8  cm2/s  at  35  C)  obtained  by  macro¬ 
scopic  measurements,  e.g..  by  measurement  of  C02  permeation  through 
polymer  membranes  [1,  5,  23]. 

Concerning  the  chemical  nature  of  the  mobile  and  immobile 
environments  for  the  sorbed  C02  in  BPAPC  polymer,  we  would  like  to 
make  the  following  suggestions.  When  a  sorbed  C02  molecule  is  sur¬ 
rounded  by  carbonate  groups  of  the  polymer  and  engages  in  intcrmolecular 
interaction  of  carbon-to-oxygen  bonds,  it  may  be  in  an  immobile  environ¬ 
ment.  When  a  sorbed  C02  molecule  is  surrounded  by  methyl  or  phenylene 
groups  and  engages  in  weaker  intermolccular  interaction,  it  may  be  in  a 
mobile  environment. 

The  two-site  (or  two-environment)  model  is  an  over-simplified  approach 
and  more  elaborate  multi-site  model  may  be  necessary  to  describe  the 
detailed  molecular  dynamics  of  sorbed  gas  in  the  glassy  polymer. 

In  this  paper  we  have  focused  our  attention  on  the  temperature  and 
field  dependence  of  the  NMR  data  of  sorbed  13C02  under  5  —  6  atm  in 
BPAPC.  We  have  not  treated  the  pressure  or  concentration  dependence 
of  the  NMR  data  in  this  system.  That  will  be  a  subject  of  our  future 
investigations.  We  assume  that,  with  a  larger  data  base  and  more  sophisti¬ 
cated  simulation  procedures,  the  model  parameters  can  be  determined  with 
a  greater  level  of  confidence  and  precision. 
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Glossary  of  symbols 

Experimental  value  of  the  spin-lattice  relaxation  time 
Relaxation  rale  by  spin  rotation  mechanism 
Relaxation  rate  by  chemical  shift  anisotropy  mechanism 
Relaxation  rate  by  dipole-dipole  interaction  mechanism 
Moment  of  inertia  of  C02 
Boltzmann  constant 


7*,: 

(1/7',)Sr: 

U/T’i  )csa: 

(t/r,)DD: 

/: 

k : 
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T. 

h: 

Ck: 


(o: 

A(T  =  <7 1|  —  0  ±  ‘ 


rSR: 

ZCSA  ■ 

rt: 

Vc: 

Vh* 

Na- 

IM): 

b: 

D 

J{to): 

(NOE)dd: 


NOE: 


Temperature  on  Kelvin 
Planck  constant  divided  by  2  rt 

Spin-rotation  coupling  constant  (-  3.605  x  It)4  H?)'*'  lor 

co2 

Larmor  angular  frequencies 

Difference  in  shielding  (or  chemical  shift  >  along  and  perpen¬ 
dicular  to  the  symmetry  axis  of  C02  (  -  3.35  x  10~4)  (ref.)'1 
Spin-rotation  (or  angular  momentum)  correlation  time 
Chemical  shift-anisotropy  (or  rotational)  correlation  lime 
Correlation  time  for  translational  motion 
Gyromagnetic  ratio  for  carbon- 1 3  nucleus 
Gyromagnetic  ratio  for  proton 
Avogadro's  number 

Concentration  of  protons  in  the  polymer 
Distance  of  the  closest  approach  between  ,3C  and  protons 
Diffusion  constant  for  the  translational  motion  of  IJC02 
Spectral  density  function 

Nuclear  Overhauser  effect  when  the  relaxation  mechanism 
is  100%  dipole-dipole 

experimental  value  of  the  nuclear  Overhauser  effect 


*Rcf.:  Beeler,  Orcndl.  Grant.  Cults.  Michl.  Zilm.  Downing,  lacclli.  Schindler  and 
Kutzelnigg,  J.  Am.  Chem.  Soc.  106  ( 1984)  7672. 
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TWO-SITE  MODEL  POE  THE  RELAXATION  OF  13CO, 
SORBED  IN  GLASS!  POLYCARBONATE 

Edward  J.  Cain,  Alan  A.  Jones,  Paul  T.  Inglafleld 
and  Wan-Yang  Wan 
Department  of  Chemistry 
Woreaacar,  Massachusetts  01610 


Introduction: 

Thara  ara  few  spectroacoplc  Investigation#  of  che 
nobility  of  gases  sorbed  In  polymers  though  there  Is  a  great 
deal  of  Interest  In  Che  permeation  propartlas  of  polymeric 
films.1-"2  The  solubility  and  permeability  of  gases  In  poly¬ 
mers  has  been  studied  and  has  led  to  the  widely  accepted 
dual  mode  modal.2"2  This  model  assumes  the  presancs  of  two 
types  of  sorbed  gas  In  glassy  polymers:  a  Langmuir  sorbed, 
laaoblle  spades  and  a  Henrys  Law,  mobile  species.  The  pur¬ 
pose  of  this  study  Is  to  seek  molecular  level  evidence  from 
WOl  spectroacopy  for  the  presence  of  two  types  of  CO 2  1° 
glassy  polycarbonate. 

Experimental: 

Carbon-13  labeled  C02  la  sorbed  Into  a  pellet  of  glassy 
polycarbonate  at  a  fixed  pressure  contained  In  a  10  am  NMR 
Cube.  The  gee  preasure  Is  maintained  in  the  NMR  cube  either 
by  sealing  the  cube  or  by  cloalng  a  stopcock.  Spin-lattice 
relaxation  times  (T^),  nuclear  Ovarhauaer  enhancements  (NOE) 
and  line  widths  of  the  13C02  are  determined  as  a  function  of 
temperature  and  Larmor  frequency.  The  results  ara  presented 
In  Figures  1-3. 

Intsrpretaclon: 

Three  relaxation  mechanisms  contribute  to  carbon-13 
relaxation  of  the  sorbed  C02.  At  low  Larmor  frequency 
(22  MBs),  the  primary  mechanisms  are  spin-rotation  relaxa¬ 
tion  and  lntsrmolecular  dipole-dipole  relaxation  between  the 
carbon-13  of  the  ges  and  the  protons  of  the  polymer.  At 
higher  frequencies  (62  and  126  MBs)  an  additional  mechanism 
comes  Into  play,  relaxation  by  chemical  shift  anisotropy. 

If  only  a  single  type  of  C02  Is  assumed  to  be  present, 
it  Is  not  possible  to  Interpret  the  T2.  NOE,  and  line  width 
data  as  s  function  of  temperature  and  Larmor  frequency.  In 
particular,  the  line  widths  are  too  broad  to  be  consistent 
with  the  Ti's  under  the  aaaumptlon  of  e  single  dynamical 
species.  The  second  step  In  the  Interpretation  Is  to  par¬ 
allel  the  dual  mode  model  and  assume  the  presence  of  two 
sorbed  species  of  differing  mobility.  Since  only  a  single 
ME  resonance  Is  observed  even  In  the  T2  experiment  at  vari¬ 
ous  delay  times.  It  Is  further  aaaumsd  chat  the  evo  species 
are  undergoing  rapid  exchange  on  the  NMR  time  scale.  The 
mechanism  of  exchange  la  translational  diffusion  since  Che 
Immobile  Langmuir  species  Is  Imagined  to  Involve  certain 
sites  In  the  glassy  polymer  matrix  while  Che  mobile  Henry's 
Lew  epecles  Is  Imagined  to  Involve  other  sites.  The  two 
types  of  sites  are  apatlally  separated  and  the  gaa  molecules 
are  exchanged  between  the  sites  by  translational  diffusion. 
Since  there  are  two  types  of  sites,  thers  are  four  possible 
diffusion  constants,  though  Che  four  are  interrelated 
through  the  populations  of  the  two  sites  and  the  concapt  of 
mlcroreverslblllty . 

The  relaxation  data  was  fit  by  a  non-linear  least 
squares  procedure  and  the  fits  are  shown  In  Figures  1-3. 

The  parameters  of  the  fit  are  listed  below. 

T._  (dissolved)  -  dissolved  spin-rotation  correlation 

SR  time  •  2.7  x  10"13s 

r  (dissolved)  -  dissolved  rotational  correlation 

CSA  time  -  4.5  *  lO"11# 


r_  (Langmuir)  -  Langmuir  rotational  correlation 
CSA  time  -  5.7  x  10"8 

D_  •  Henry's  to  Henry's  diffusion  •  4.1  x  10"8cm2/s 
HH 

D_  •  Henry's  to  Langmuir  diffusion  •  4.7  x  10"8co2/s 
ML 

D.„  -  Langmuir  to  Henry's  diffusion  -  7.0  x  10“8cm2/s 
LH 

PT  -  Langmuir  to  Langmuir  diffusion  •  4.5  x  10“12cm2/s 
-  1.3  kJ/mol  LHjjk  -  3.2  kJ/mol 

iHjjj  -  3.3  kJ/mol  -  5.2  kJ/mol 

b  •  distance  of  closest  approach  -  1.7  x  10~8cm 
Discussion: 

The  correlation  times  for  rotational  motion  and  colli¬ 
sions  for  C02  In  the  Henry's  sites  Is  comparable  to  that  of 
low  molecular  weight  liquid8  such  as  CS2.  The  correlation 
time  for  collisions  In  the  Langmuir  site  la  too  short  to  be 
determined  from  NMR  data  but  the  correlation  time  for  rota¬ 
tion  le  much  longer  Chan  a  low  molecule'  weight  liquid  and 
la  in  fact  comparable  to  that  of  a  polymer  rubber. 

The  diffusion  constants  cover  a  very  wide  range  with 
the  value  associated  with  Henry's  sites  comparable  to  a  low 
molecular  weight  liquid  while  the  time  associated  with 
Langmuir  sites  is  typical  of  a  solid.  The  diffusion  con¬ 
stants  determined  here  from  NMR  data  span  a  greater  range 
than  those  determined  from  permeability  data  though  the 
range  Includes  the  permeability  values.  The  diffusion  con¬ 
stants  are  derived  from  the  intermolecular  dipole-dipole 
contributions  to  relaxation  and  reflect  diffusion  over  very 
short  distances.  This  microscopic  view  of  Che  NMR  experi¬ 
ment  may  well  Influence  the  determlnetlon  of  diffusion  con¬ 
stants  as  may  the  two-site  model  with  the  Inclusion  of  rapid 
exchange  by  diffusion. 

A  more  reasonable  view  of  diffusion  In  a  polymeric 
glass  might  well  allow  for  a  vide  range  of  mobilities  as  la 
observed  In  other  experiments  on  molecular  dynamics  In  these 
ays tarns. 2-10  a  two-slce  model  Is  frequently  the  simplest 
spproach  to  Initially  approximate  a  distribution  but  only  a 
large  data  base  will  allow  for  a  sound  determination  of  the 
character  of  the  distribution. 
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Figura  1:  Temperature  Dependence  of  Tj,.  Experimental 

values  are  compared  with  the  fit  baaed  on  the 
two-site  model. 


Figure  2:  Temperature  Dependence  of  NOE.  Comparison  of 
experimental  values  are  compared  with  the  fit 
based  on  the  two-site  model. 
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Figure  3:  Temperature  Dependence  with  the  Line  Width. 

Experimental  values  are  compared  with  the  fit 
baaed  on  the  two-site  model. 
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Introduction: 

The  glass  transition  and  modulus  of  a  glassy,  amorphous 
polymer  can  often  be  lowered  by  the  addition  of. a  low  molec¬ 
ular  weight  diluent. The  commonly  proposed  mode  by  which 
this  process  of  plasticization  occurs  is  an  Increase  in  the 
rate  or  amplitude  of  molecular  level  motion.  The  presence 
,  of  motion  at  the  level  of  the  chemical  structure  of  the  con¬ 
stituent*  of  a  glass  can  be  followed  by  solid  state  NMR.5"7 
In  particular,  solid  state  line  shapa  collapse  can  often  be 
;  used  to  determine  the  rate,  amplitude  and  geometry  of  par¬ 
ticular  motion*  defined  with  respect  to  the  chemical  struc¬ 
ture.  In  this  report,  the  motion  of  the  diluent  itself  will 
.  be  monitored  for  consideration  relative  to  the  mechanical 
j  and  thermal  proper  ties**  of  the  modified  polymeric  glass. 

I  The  polymer  system  selected  here  Is  s  blend  of  polysty¬ 
rene  (PS)  and  poly(phenylene  oxide)  (PPO)  where  each  comp o- 
•  nent  la  present  In  equal  amounts  by  weight.  To  this  polymer 
;  blend,  two  diluents  will  be  added  at  the  level  of  20Z  by 
weight.  The  first  la  trloctyl  phosphate  (TOP)  and  the  sac- 
:  ond  Is  triphenyl  phosphate  (TPP).  The  mobility  of  these 
diluents  will  be  followed  by  phoaphorus-31  chemical  shift 
.  anisotropy  line  shape  collapse.  The  glass  transition. 
Young's  Modulus,  and  dynamic  mechanical  spectrum  have  been 
determined  in  a  separate  study.®  Of  special  Interest  in  the 
dynamic  mechanical  apectrum  is  the  observation  that  no  sub¬ 
glass  transition  loss  peak  is  present9  until  the  diluent  TOP 
is  added. 

Experimental: 

Preparation  of  the  ternary  blends  and  the  associated 
mechanical  and  thermal  properties  ara  reported  elsewhere.® 
The  31?  line  shapes  were  measured  on  a  Bmker  WM-230  at  a 
frequency  of  101  MH«  and  a  sweep  width  of  100  kHz.  The 
;  spectra  ara  shown  in  Figures  1  and  2  as  a  function  of  tsmr 
'  peraturs. 

j  Interpretation: 

At  low  temperatures,  both  the  phosphorus  line  shapes 
sre  those  observed  for  rigid  polycrystalline  systems  which 
is  Indicative  of  little  motion.  As  temperature  is  raised  In 
the  TOP  system,  line  narrowing  Is  apparent  at  temperatures 
beginning  at  -A0  to  -20#C.  By  the  time  the  temperature 
approaches  the  glass  transition  of  the  ternary  blend  near 
70*C,  the  line  shape  is  primarily  a  fairly  narrow  Lorentzlan 
;  line  indicative  of  nearly  laotroplc  motion.  Thus  as  the 
temperature  is  swept  over  a  100  degrsa  range  from  -40  to 
}  +60°C  the  diluent  goes  from  no  motion  to  rapid,  isotropic 
‘  motion  on  the  NMR  time  scale. 

j  Several  other  features  of  the  line  shape  collapse  and 

|  diluent  mobility  can  also  be  deduced.  Line  shape  collapse 
j  occurs  over  a  very  broad  temperature  range  In  this  system, 
i  At  temperatures  In  the  midst  of  the  collapse  process,  the 
1  observed  line  shape  consists  of  a  broad  component  plus  a 
!  narrow  component.  The  broad  component  la  close  to  the  rigid 
!  line  shape  observed  at  low  temperatures  and  the  narrow  com¬ 
ponent  is  close  to  the  Lorentzlan  line  ~>hape  observed  at 


high  temperatures.  This  Is  an  Indication  of  motional 
heterogeneity.5"7  The  broad  component  is  associated  with 
rather  immobile  phosphate  ester  molecules  located  in  apatlaJ 
regions  of  the  glass  where  lntermolecular  interactions  re¬ 
strict  motion.  The  narrow  component  is  associated  with 
rather  mobile  phosphate  ester  molecules  located  in  spatial 
regions  of  the  glass  where  lntermolecular  Interactions  are 
weak  and  motion  is  facile.  This  spatial  heterogeneity  of 
the  glass  which  leads  to  a  dynamic  heterogeneity  exists  on  a 
molecular  distance  scale. 

This  description  of  motion  and  the  spectra  themselves 
are  apparently  blsodal.  However,  the  blmodal  characteristic 
is  probably  superficial  and  the  more  correct  description  in¬ 
volves  a  broad  distribution  of  mobilities  associated  with  a 
broad  distribution  of  lntermolecular  environments.  The 
distribution  of  mobilities  can  be  more  directly  observed  in 
the  dynamic  mechanical  response  of  the  material  which  shows 
a  broad  loss  peak  centered  at  -60*C.  It  Is  a  reasonable 
assumption  to  link  this  mechanical  loss  peak  to  the  rota- 
tionl0"13  0f  tha  diluent  determined  by  NMR  since  this  loss 
peak  is  only  present  upon  addition  of  the  diluent.  However, 
s  quantitative  link  through  a  simultaneous  Interpretation  of 
the  line  shape  collapse  and  the  position  and  breadth  of  tha 
mechanical  loss  peak  with  a  single  correlation  function 
would  support  the  assertion  of  a  relationship.7* 14  g  frac¬ 
tional  exponential  correlation  function  will  be  used  to  try 
Co  develop  the  common  interpretations!  base. 

Although  the  motion  of  the  diluent  It  isotropic,  there 
is  still  two  possible  mode#  of  rotation.  They  are  Jump 
diffusion  and  Brownian  diffusion  and  they  lead  to  different 
line  shape  collapse  patterns. 15  These  patterns  have  been 
predicted  for  the  case  of  motion  characterized  by  a  single 
correlation  time  end  we  are  now  trying  to  extend  tha  predic¬ 
tions  for  the  ceee  of  a  distribution  of  correlation  times 
for  comparison  with  the  observed  spectra.  It  remains  to  be 
seen  whether  the  distinction  between  jump  diffusion  and 
Brownian  diffusion  can  still  be  observed  in  the  presence  of 
a  broad  distribution  of  correlation  times. 

The  blends  produced  by  the  two  different  diluents,  TOP 
and  TPP,  have  very  nearly  the  same  glass  transition  temper- 

i  ature.  However,  the  temperature  at  which  rotation  of  the 
diluent  comaces  is  quite  different  as  can  be  determined  by 
comparing  Figures  1  and  2.  The  rotational  motion  of  TPP  Is 
substantially  slower  and  a  temperature  Increase  of  about  40° 
is  required  to  produce  about  the  same  level  of  line  shape 
collapse  es  Is  observed  for  TOP.  As  was  mentioned,  there 
la  no  correlation  of  this  shift  In  rsce  of  motion  with  tha 
glass  transition  temperature  of  the  ternary  blends  How¬ 
ever,  a  correlation  between  the  glass  transition  temperature 
of  the  pure  diluent  and  the  onset  of  rotation  was  noted  frr 
the  mechanical  and  thermal  studies®  of  these  materials  and 
that  view  1*  decisively  reinforced  by  the  NMR  data. 
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Plgura  2:  31p  line  ahapaa  of  cha  chraa  ccaponanr  ayataa 

PPO/PS/TPP  aa  function  of  caaparatura. 
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ABSTRACT 


No  sub-glass  transition  mechanical  loss  peaks  are  observed  in 
50-50  blends  of  poly(2, 6-dimethyl-  1,4-phenyIene  oxide)  and  polystyrene. 

However,  if  trioctyl  phosphate  is  added  to  the  blend  the  modulus  lowers  ! 

and  a  broad  low  temperature  loss  peak  appears.  Non-spinning  phosphorous 
line  shapes  were  observed  to  determine  if  the  diluent  itself  were  moving  i 

in  the  glassy  matrix  which  is  clearly  the  case.  At  low  temperatures  a  ty¬ 
pical  axially  symmetric  line  shape  is  observed  which  evolves  to  a  narrow 
line  just  below  the  glass  transition  of  the  three  component  system.  The 
pattern  of  the  collapse  appears  to  take  the  form  of  a  shift  in  population 

I 

from  nearly  immobile  diluent  to  fairly  mobile  diluent.  This  pattern  of 
collapse  can  be  associated  with  broad  distribution  of  correlation  times. 

The  geometric  character  of  the  motion  of  the  mobile  diluent  is  apparently  ! 


isotropic  rotation. 


The  mechanical  properties  of  bulk  amorphous  polymers  depend  on 
the  local  chain  motions  present  and  in  turn  the  local  motions  reflect  the 
chemical  structure  of  the  repeat  unit  of  the  polymer  chain.  The  motions 
are  also  Influenced  strongly  by  intermolecular  interactions  between 
chains  so  that  In  the  glassy  state  the  apparent  activation  energy  of  a  given 
motion  may  be  much  higher  than  that  expected  for  the  same  motion  in  an 
isolated  polymer  chain'.  Two  general  strategies  can  be  followed  to 
control  properties  of  amorphous  polymers  without  changing  the 
morphology.  First,  the  local  motions  present  can  be  changed  by 
modifications  of  the  chemical  structure  of  the  repeat  unit,  and  second, 
intermolecular  interactions  can  be  modified  by  the  addition  of  a  second 
type  of  molecule  to  the  bulk  polymer.  In  the  latter  case,  the  second 
component  could  either  be  a  small  molecule  diluent  or  another  polymer. 
The  addition  of  a  second  type  of  polymer  not  only  modifies  the 
intermolecular  interactions  but  also  introduces  a  new  repeat  unit 
structure  which  may  have  its  own  set  of  local  motions  distinct  from  the 
host  polymer. 

A  recent  survey2  of  the  mechanical  properties  of  a  set  of 
plasticized  blends  has  revealed  a  strong  dependence  of  these  properties 
on  the  Tg  of  the  diluent,  Independent  of  its  effect  on  the  polymer  T  .  in 

this  communication  we  report  the  mechanical  data  for  a  particular  diluent 
and  a  nuclear  magnetic  resonance  study  of  the  microscopic  mobility  of  the 
diluent  in  the  blend. 

The  general  behavior  of  low  molecular  weight  diluents  in  glassy 
polymers  is  often  categorized  as  either  plasticization  or 
antlcpiasticization3'6  Plasticizers  are  diluents  which  lower  the  glass 


transition  and  lower  the  modulus.  Antiplasticizers  also  lower  the  glass 
transition  but  not  necessarily  the  modulus.  One  mechanism  for 
antiplasticization  is  suppression  of  local  motions  and  by  contrast  a 
mechanism  for  plasticization  would  be  by  Increase  in  either  the  rate  or 
the  amplitude  of  local  chain  motion.  An  Increase  in  the  rate  or 
amplitude  of  motion  could  be  produced  through  a  reduction  in 
intermolecular  interactions.  That  is,  the  diluent  molecule  may  act  as  a 
lubricant,  reducing  interchain  interactions  and  allowing  for  more  chain 
motion7.  The  results  presented  below  indicate  that  the  behavior  of 
diluents  is  more  complex  and  Includes  possibilities  not  contained  in  this 
brief  summary. 

The  polymer  system  reported  here  Is  a  combination  of  polystyrene 
(PS)  and  poly(2,6-dimethy1-1,4-phenylene  ether)  (PPE)  where  each  com¬ 
ponent  is  present  In  equal  amounts  by  weight.  These  two  polymers  are 
miscible  over  the  whole  composition  range8  though  only  the  one 
composition  mentioned  will  be  used  as  the  basic  polymeric  component. 
Moreover  neither  resin  exhibits  substantial  secondary  motions  at  low 
temperatures9.  The  diluent  blended  with  the  two  polymers  is  trioctyl 
phosphate  which  is  particularly  convenient  for  NMR  studies  since  the 
phosphorous  chemical  shift  anisotropy  line  shape  can  be  used  to  monitor 
the  motion  of  the  diluent.  No  magic  angle  spinning  or  isotopic  labeling  is 
required  to  follow  the  motion  of  the  diluent  since  it  is  the  only  component 
containing  phosphorous.  Furthermore  phosphorous  31  is  a  100%  spin 
one-half  Isotope  which  simplifies  data  acquisition  and  interpretation.  The 
NMR  data  are  used  to  supplement  determinations  of  shear  dynamic 
mechanical  response,  compressive  yield  stress,  Young's  modulus  and  the 
glass  transition  temperature.  The  combination  of  traditional  materials 
science  techniques  with  MIR  spectroscopy  provides  new  insights  into  the 


action  of  diluents  in  polymer  blends. 

The  PPE  used  was  General  Electric  PPOR  resin  powder  with 
intrinsic  viscosity  of  0.05dl/gm  with  =  17000  and  Mw  =  34000.  The 

polystrene  (PS)  was  Shell  Chemical  Company  general  purpose  polystyrene 
203  with  M.  *  84000  and  hL  -  250000.  The  diluent  is  a 

n  w 

trl-2-ethylhexylphosphate  (TOP).  By  differential  scanning  calorimetry  its 
T  was  found  to  be  - 1 34?C. 

The  PPO/PS/TOP  blend  was  compounded  on  a  twin  screw  extruder 
under  conditions  that  produced  clear  homogeneous  extrudates. 
Compression  molded  sheets  approximately  2.3  mm  thick  were  formed  from 
chopped  extrudates  under  time-temperature  conditions  designed  to 
minimize  molecular  orientation.  Cylinders  about  1  cm  in  diameter  and  2.5 
cm  in  length  were  compression  molded  from  these  blends. 

The  elastic  modulus  of  the  blend  was  determined  on  specimens  cut 
from  sheets  compression  molded  one  month  before  testing.  Measurements 
were  made  at  0.02  Inches/min  in  an  Instron  servohydraulic  tester  using  an 
extensometer.  Modulus  was  calculated  from  the  slope  of  the  force-strain 
curve  between  0.02%  and  0.4%  strain.  Viscoelastic  characterization  of 
selected  blends  from  -150  to  25  0  C  was  effected  at  l  Hz  in  rectangular 
torsion  in  a  Rheometrics  Dynamic  Spectrometer.  Yield  stress  was 
determined  under  compressive  loading  at  a  crosshead  rate  of  0.002 
inches/min  on  an  Instron  Universal  tester.  Glass  transition  temperatures, 
T  ,  of  all  blends  were  determined  with  a  Perkin  Elmer  DSC  II  differential 

scanning  calorimeter  at  a  heating  rate  of  20°/min. 

Mechanical  and  thermal  data  are  summarized  in  Table  i  and  dynamic 
mechanical  data  are  presented  in  Figure  1. 


For  observation  of  the  3IP  line  shape,  pellets  of  the  ternary  system 
were  sealed  in  a  10  mm  MIR  tube  under  vacuum.  The  spectra  were  taken 
on  a  Bruker  WM-250  at  a  frequency  of  101  MHz  and  a  sweep  width  of  100 
kHz.  Temperature  was  maintained  within  two  degrees  and  the  probe 
temperature  was  calibrated  with  the  usual  chemical  standards.  The 
resulting  spectra  are  shown  in  Figure  2. 

Young's  modulus  and  the  glass  transition  temperature  drop 
continuously  as  the  TOP  concentration  is  raised  indicative  of 
plasticization  behaviour.  More  interestingly,  a  distinct  though  broad  loss 
peak  appears  in  the  shear  dynamic  mechanical  response  and  is  centered 
near  -60°C  at  a  frequency  of  1  Hz.  There  is  no  comparable  sub-glass 
transition  loss  peak  in  the  polymer  blend  without  the  diluent  present. 

A  well  defined  loss  peak  Is  usually  associated  with  the  presence  of 
a  motion  which  can  be  characterized  in  terms  of  some  aspect  of  the 
chemical  structure  of  the  polymeric  glass.  Since  the  polymeric  blend 
without  diluent  shows  no  loss  peak,  it  is  particularly  intriguing  to 
attempt  to  identify  molecular  motions  present  in  this  system.  Some 
earlier  spectroscopy  (mechanical,  dielectric  and  NMR)  studies  have  pointed 
to  motion  of  the  diluent  as  a  cause  of  relaxations  below  the  polymer 
Tg,<M3.  The  possibility  of  rotational  motion  of  the  diluent  can  be  explored 

through  the  3,P  spectra  as  a  function  of  temperature  The  solid  state  3,P 
line  shape  of  trioctyl  phosphate  is  dominated  by  chemical  shift  anisotropy 
which  arises  from  the  magnetic  shielding  of  the  electronic  environment 
surrounding  the  phosphorous  nucleus.  The  lowest  temperature  spectra 
shown  in  Figure  2  are  classic  examples  of  the  "polycrystal line"  line  shape 
expected  for  an  axially  symmetric  chemical  shift  anisotropy  which  is 
consistent  with  the  local  electronic  environment  of  a  phosphorous  nucleus 


in  a  trialky!  phosphate.  The  term  'polycrystalline'  refers  to  the  presence 
of  a  sum  over  all  orientations  in  the  sample  and  an  absence  of  molecular 
motion.  Both  of  these  characteristics  are  reasonable  for  a  low 
temperature  spectrum  of  an  amorphous  glass. 

As  temperature  is  raised,  the  31 P  line  shape  narrrows  which  is 
conclusive  evidence  for  motion  of  the  TOP.  The  nature  of  the  line  shape 
collapse  allows  for  the  identification  of  several  important  features  of  the 
motion.  The  geometry  of  the  motion  can  be  determined  from  the  line 
shape  pattern  which  appears  at  the  higher  temperatures.  All  spectra 
displayed  in  Figure  2  are  below  the  glass  transition  but  the  60°C  spectrum 
is  largely  composed  of  a  single  sharp  line.  This  result  Indicates  that  the 
TOP  is  rotating  isotropically  with  a  correlation  time  shorter  than  tenths 
of  milliseconds  at  the  highest  temperature  observed. 

A  second  feature  of  the  motion  of  the  TOP  can  be  determined  by  a 
consideration  of  the  intermediate  spectra  which  are  only  partially 
collapsed.  The  line  shape  at  -80°C  is  indicative  of  no  motion  on  the  NMR 
time  scale  which  is  of  the  order  of  milliseconds  for  these  phophorous  line 
shapes.  The  line  shape  at  60°C  is  indicative  of  nearly  isotropic  motion  on 
a  time  scale  which  is  fast  relative  to  the  NMR  time  scale.  The 
intermediate  spectra,  especially  those  at  0,  20  and  40°C  can  be 
approximated  as  a  superposition  of  the  low  temperature  spectrum  and  the 
high  temperature  spectrum  with  an  increasing  proportion  of  the  high 
temperature  spectrum  as  temperature  is  raised. 

This  superficially  bimodal  character  of  the  intermediate  spectra  is 
evidence  for  heterogeneous  motion  which  is  a  characteristic  of  local 
motion  In  glassy  polymers  demonstrated  in  earlier  line  shape  studies14'’6. 
Previous  line  shape  studies  have  focussed  on  the  local  motion  of  the 
polymer  chain  and  the  result  obtained  here  shows  that  heterogeneity  of 


motion  is  a  general  feature  of  glassy  dynamics  which  is  not  a  chain 
property.  Rather  it  is  to  be  identified  as  a  property  of  a  glass  which  is 
structurally  heterogeneous  on  the  size  scale  of  chemical  groups.  Local 
motions  on  this  same  size  scale  show  the  heterogeneity  dynamically 
because  the  local  Intermolecular  environment  differs  at  various  spatial 
distributions  in  the  glass,  intermolecular  Interactions  are  the  major 
source  of  the  apparent  activation  energies  so  that  it  is  easy  to  imagine  a 
distribution  of  Intermolecular  interactions  leading  to  a  distribution  of 
barrier  heights  and  thus  a  distribution  of  rates  of  motion. 

The  superficially  bimodal  appearance  of  the  line  shapes  can  be 
explained  through  examination  of  Figure  3.  For  numerical  discussions  of 
NMR  line  shape  collapse,  the  correlation  time,  x ,  Is  used  which  is  the 
inverse  of  the  rate  constant  for  collapse.  If  the  motion  is  heterogenous 
there  Is  a  broad  distribution  of  rates  and  this  situation  is  depicted  in 
Figure  3.  As  explained  there  are  three  general  rates  of  motion  which  can 
be  classified  relative  to  line  shape  collapse.  Those  labeled  rigid  In  Figure 
3  are  too  slow  to  produce  collapse,  those  labeled  intermediate  produce 
partial  collapse  and  those  labeled  fast  are  so  fast  collapse  has  already 
occurred  and  little  further  line  shape  narrowing  is  produced  by  faster 
rates.  If  the  distribution  of  rates  or  times  is  broad,  the  rigid  and  fast 
parts  of  the  distribution  account  for  the  majority  of  rates  and  lead  to  the 
superficially  bimodal  spectra.  The  intermediate  rates  which  yield 
intermediate  stages  of  collapse  are  a  smaller  fraction  of  the  observed  line 
and  therefore  less  obvious.  Although  the  motion  is  identified  as  Isotropic 
and  heterogeneous  further  details  remain  to  be  considered.  The  rotation 
can  occur  by  Jump  diffusion  or  Brownian  diffusion  and  a  distribution  of 
amplitudes  may  be  present.  The  ability  to  distinguish  these  subtle 


differences  from  the  NMR  data  is  uncertain. 


NMR  spectroscopy  has  clearly  identified  the  diluent  as  a  mobile 
species  in  the  ternary  system  of  Interest.  It  is  our  proposal  that  the 
mechanical  loss  peak  arises  from  the  liquid-like  motion  of  the  diluent,  a 
conclusion  that  reinforces  the  results  of  a  survey  of  mechnical  properties 
of  a  large  number  of  plasticized  PPE/PS  blends2.  Further  quantitative 
work  will  be  carried  out  to  link  the  collapse  of  the  NMR  line  shape  to 
the  breadth  and  temperature  of  the  mechanical  loss  peak  as  has  been 
done  in  an  earlier  study1  of  polymer  motion  in  glasses. 

With  this  proposal  in  mind,  two  distinct  mechanisms  of 
plasticization  can  be  Imagined.  First  a  diluent  may  expedite  a  local 
motion  of  the  polymer  and  thereby  lower  the  modulus  of  the  glass. 
Secondly  the  diluent  Itself  may  undergo  local  motion  changing  the  modulus 
of  the  glass.  Of  course  both  or  neither  of  these  mechanisms  may  be 
operative  when  a  diluent  Is  added  to  a  glassy  polymer.  In  addition  we  have 
not  yet  Introduced  modes  for  antiplasticization  behaviour.  However  a 
focus  on  identifying  local  motions  via  solid  state  NMR  and  relating  these 
motions  to  bulk  mechanical  behaviour  is  a  powerful  approach  for 
understanding  plasticization  and  antiplasticization. 
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Figure  1:  Temperature  dependence  of  storage  and  loss  shear  moduli 


Figure  2: 


Figure  3: 


G'  and  G"  for  the  neat  blend  (PPO  and  PS,  50:50)(squares)  and 
a  blend  containing  20?3  trioctyl  phosphate  (circles). 

31 P  line  shapes  of  the  three  component  system:  PPO/PS/TOP 
as  a  function  of  temperature. 

Weighting  factor  for  a  given  correlation  time  as  a  func¬ 
tion  of  correlation  time  for  a  typical  distribution  of 
correlation  times.  Rigid,  intermediate  and  fast  refer  to 


characteristics  of  the  NMR  line  shape. 
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